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ABSTRACT 
Drilling or machining on fibre reinforced composites is a crucial process in fabrication of 
airframes in aircraft industry. It is the most frequently employed operation of secondary 
machining for fibre reinforced composites owing to the need for installation of fasteners for 
assembly or joining of different parts. In the past 30 years, researchers have been intensively 
studying the drilling performance and quality of carbon fibre reinforced polymer (CFRP) 
laminates using twist drill. Apparently, it has been claimed as the most used drill bit and is able 
to drill holes with a good quality.  
Drilling carbon fibre reinforced composites is a complicated process, owing to the 
heterogeneity in mesostructures and properties of composite materials, different configurations 
and sharpness of tools, selections of spindle speed and feeding rate during drilling, and to the 
fact that carbon fibres and their debris are very abrasive. In recent years, carbide drill of 
different configurations has been developed for practical applications in aircraft industry to 
enhance the drilling performance with improved quality of holes and less damage in CFRP 
laminates. 
CFRP laminates are prone to drilling-induced damage in forms of delamination and edge 
chipping. An extensive experimental investigation on drilling and machining CFRP laminates 
using different tools is carried out in this study to analyse effects of processing parameters on 
drilling performance, assess the quality and integrity of holes, and establish a comprehensive 
understanding on tool wear and tool life. Analysis of the effects of processing parameters on 
drilling performance is critical for assessment of quality and integrity of holes and qualification 
of tool life. Drilling performance and quality of circular holes on a commercial aircraft CFRP 
laminate are investigated first, using drill bit with three different configurations made of solid 
carbide, namely GT50 dagger drill, GT15 reamer drill, and twist drill. Back support of different 
geometry, noted as full support, partial support and no support, is employed during drilling at 
spindle speeds of 500, 1000, and 2000 rpm, respectively and a feed rate of 50 mm/min. Several 
output responses, including thrust force and torque, are measured. Quantification of the quality 
and holes integrity is accomplished by evaluating surface roughness, heat distribution, drilled 
hole roundness or circularity, chip size, and damage factor defining delamination at the hole 
edge. It provides some guidelines for optimisation of drilling parameters for producing 
damage-free circular holes in practical operation.  
vi 
As generally known, a drilling process is a multipoint cutting process. As the second major 
study in this research, an energy-based analysis based on the energy balance model established 
by William’s on cutting polymers is presented by addressing Mode I fracture as a key 
mechanism in different cutting directions in a unidirectional CFRP laminate, induced by 
orthogonal cutting. Mode I fracture toughness is commonly measured using double cantilever 
beam specimens based on the modified beam theory. In this work, a method is developed to 
characterise the mode I fracture toughness of CFRP laminates using orthogonal cutting. It is 
performed for three different cutting directions using braised carbide tools for a range of cutting 
depth of 10 – 100 µm with a 30° rake angle to quantify the orthogonal cutting forces and 
observe fracture mechanisms. The Mode I fracture toughness of CFRP laminate is also 
characterised using double cantilever beam (DCB) specimens, where mode I crack growth is 
developed from a fine pre-crack created using a razor blade from a notch in the laminate. The 
critical energy release rate, GIC, is determined using the modified beam theory and the 
compliance calibration method. The results show that average critical energy release rate, GIC, 
obtained from the two distinctive methods differs by not more than 8% from each other, 
indicating that the method based on orthogonal cutting can produce a reliable fracture 
toughness value. Fibre subsurface damage and cutting forces during the cutting are found to be 
strongly influenced by fibre orientation. 
For cutting of a brittle material like a laminate, fracture energy is the basic identification for 
generation of the thrust force and torque in drilling CFRP. The key cutting and chip removal 
mechanisms involved in a drilling process on a CFRP unidirectional laminate are investigated 
using orthogonal cutting at different fibre orientations such as 0°, 90°, 45° and 135°. To further 
understand the mechanisms where a high thrust force is generated on cutting CFRP, a relief 
(clearance) angle is set to be a manipulated parameter for investigation at 4° and 17°, 
respectively. Formation of cutting chip during the machining has a significant impact on ‘stick-
slip’ behaviour leads to inconsistent fluctuation on the load traces. CFRP chip formation in 
orthogonal cutting is assessed as an indicator for determination of fracture energy and energy 
distribution. It shows that plastic bending and shearing take place on the shear plane during 
chip formation which is a major factor in measuring fracture energy using the modified energy 
balance model. This can lead to a better understanding on drilling mechanism. 
Tool wear and tool life of dagger and reamer drill bits are investigated evaluating blunting and 
wear of the tools, which can be one of the major factor impacting the drilling process as a whole 
vii 
in practical applications. Tool wear mechanisms of these two main drill bits used in the industry 
are discussed in line with the tool life. Based on the observation, assessment on tool wear and 
tool life are made by addressing their significant influence on thrust force and torque during 
drilling, delamination factor in the CFRP laminates, fibre peel-up and push-down mechanisms, 
surface roughness and temperature increase, which are all relevant to the quality of the holes.  
The last but not the least, finite element analysis is added to explore and predict the drilling 
mechanism and chip removal mechanism as a function of failure criteria. Finite element solver 
ABAQUS/Explicit is applied to simulate and articulate the stress-strain distribution, 
development thrust force and torque as well as damage in various modes. Due to complex 
geometry of reamer drill, the dagger drill configuration is only considered for the simulation 
with 6-ply of unidirectional CFRP laminate and 4-ply woven-fabric CFRP laminate, 
respectively. As a result, build-up forces associated with the drilling process is obtained and 
damage characterisation is successfully predicted and validated. With all that has been 
addressed above, this study plays a critical role for selection of the optimal drilling conditions 
for minimising production cost and maximising productivity.  
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NOMENCLATURES 
α Crack Length  
b Specimen Width  
C The Compliance 
d Fibre Diameter 
D0  Nominal Diameter 
Dmax  Maximum Delamination Diameter 
dUchip Chip Fracture Energy Dissipation  
dUdiss Increment of Dissipated Energy 
dUext Increment of External Work 
dUfb Fibre Breakage Fracture Energy 
dUfract Increment of Fracture Energy 
dUfrict Frictional Work Done on Tool-Chip Interface 
dUplast Increment of Plastic Energy Dissipated on Shear Plane 
dUsurf Surface Energy Dissipation  
eb Bending Strain 
Fc Cutting Force  
Fd Roundness/Delamination Factor  
Ft Thrust Force  
Fz Drilling Thrust Force  
Ga Adhesion Toughness 
GC Fracture Toughness 
GC-ini Initial Fracture Toughness 
GIC Mode I Energy Release Rate 
h Laminate Thickness  
hc Chip Thickness  
LC Characteristic Length 
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Mz Torque 
N Normal Force  
P Load 
PC Critical Load 
Ra  Surface Roughness 
RD Compliance Matrix 
Ri Inner Radii 
Ro Outer Radii 
S Shear Force 
SL Longitudinal Shear Strength  
ST Transverse Shear Strength  
Tg  Glass Transition Temperature  
V Speed 
Vc Cutting Speed 
Vf Fibre Volume Fraction 
XC Longitudinal Compressive Strength  
XT Longitudinal Tensile Strength 
YC Transverse Compressive Strength  
YT Transverse Tensile Strength  
z Height 
Z Friction Factor  
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GREEK SYMBOLS 
α Rake Angle 
γ Shear Strain  
γs Surface Energy 
δ Displacement  
δc Crack Opening Displacement 
µ Coefficient of Friction 
σf Fibre Strength 
σm Matrix Strength 
σs Shear Stress 
σy Yield Stress 
φ Shear Angle 
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ABBREVIATIONS 
3D  Three Dimensional  
ANOVA Analysis of Variance  
CAD Computer-Aided Design  
CC Compliance Calibration  
C-C Carbon-Carbon 
CFRP Carbon Fibre Reinforced Polymer 
CNC Computer Numerical Control  
CT Computerised Tomography 
DCB Double Cantilever Beam  
DMA Dynamic Mechanical Analysis  
DOC Depth of Cut  
FE Finite Element  
FEA Finite Element Analysis 
FML Fibre Metal Laminate  
FRP Fibre Reinforced Polymer  
GFRP Glass Fibre Reinforced Polymer  
HSS High Speed Steel 
MBT Modified Bean Theory 
PCD Polycrystalline Diamond  
PMC Polymer Matrix Composite  
RPM Revolution Per Minute  
SEM Scanning Electron Microscope 
UD Unidirectional  
WC Tungsten Carbide  
 
xii 
TABLE OF CONTENTS 
DEDICATION ............................................................................................................................ i 
ACKNOWLEDGEMENTS ....................................................................................................... ii 
DECLARATION ...................................................................................................................... iv 
ABSTRACT ............................................................................................................................... v 
NOMENCLATURES ............................................................................................................ viii 
GREEK SYMBOLS .................................................................................................................. x 
ABBREVIATIONS .................................................................................................................. xi 
TABLE OF CONTENTS ......................................................................................................... xii 
TABLE OF FIGURES ............................................................................................................ xvi 
TABLE OF TABLES ............................................................................................................ xxv 
CHAPTER 1 
General Introduction .................................................................................................................. 1 
 Introduction and Motivation ........................................................................................... 1 
 Objectives of This Study ................................................................................................. 5 
 Scope of Thesis ............................................................................................................... 8 
CHAPTER 2  
Composite Drilling and Machining ......................................................................................... 11 
 Composite Material in Aerospace Industry ................................................................... 12 
     2.1.1 Composite Laminates ............................................................................................ 13 
 Drilling Operation for Composite Laminates ............................................................... 15 
.1 Materials and Types of Drill Bit ............................................................................ 16 
     2.2.1.1 Drill Bit Geometry ......................................................................................... 17 
     2.2.1.2 Cutting Mechanism of the Drilling/Chip Removal Mechanism.................... 20 
2.2.2 Machining Parameters ........................................................................................... 22 
     2.2.2.1 Spindle Speed and Feed Rate ........................................................................ 23 
     2.2.2.2 Hardenability of Tools- Work piece .............................................................. 25 
2.2.3 Machinability in Drilling ....................................................................................... 26 
     2.2.3.1 Thrust Force and Torque for Drilling ............................................................ 26 
     2.2.3.2 Temperature Effect on Machining ................................................................. 29 
2.2.4 Quantification of Surface Quality and Integrity Evaluation in Drilling ................ 31 
          2.2.4.1 Damage on Workpiece as Reflection on Quality .......................................... 32 
xiii 
          2.2.4.2 The Failure Modes ........................................................................................ 35 
 Orthogonal Cutting on CFRP ........................................................................................ 37 
2.3.1 Cutting Force and Thrust Force ............................................................................. 37 
2.3.2 Bouncing Back Phenomena ................................................................................... 39 
2.3.3 Mode I Fracture Toughness on Machining ........................................................... 40 
 Tool Wear and Tool Life ............................................................................................... 41 
2.4.1 Tool Wear Mechanism .......................................................................................... 42 
2.4.2 Definition of Sharpness and Bluntness.................................................................. 44 
 Finite Element Analysis ................................................................................................ 44 
 An Outlook on Achieving Excellent Drilling Quality with Minimal Failure on CFRP ... 
 ............................................................................................................................................. 45 
CHAPTER 3 
Drilling Mechanisms of CFRP Composite Laminates  ............................................................ 46 
 Experimental Details ..................................................................................................... 47 
3.1.1 Drilling Operation ................................................................................................. 47 
 Results and Discussion ................................................................................................. 50 
3.2.1 Materials Characterization ..................................................................................... 50 
     3.2.1.1 Dynamic Mechanical Analysis ...................................................................... 53 
     3.2.1.2 Three Point Bending Test .............................................................................. 54 
3.2.2 Influence of Thrust Force and Torque on Drilling ................................................ 55 
3.2.3 Surface Roughness of Drilled Hole Wall .............................................................. 59 
3.2.4 Characteristics of Drilling Chip Formation ........................................................... 63 
3.2.5 Heat Distribution Induced by Drilling ................................................................... 66 
     3.2.6 Significance of Post Drilling Hole Circularity/ Roundness Factor ....................... 68 
 Summary ....................................................................................................................... 71 
CHAPTER 4 
Measurement of Unidirectional CFRP Mode I Fracture Toughness Using Orthogonal Cutting 
.................................................................................................................................................. 73 
 Materials and Methodology .......................................................................................... 76 
4.1.1 Materials ................................................................................................................ 76 
4.1.2 Sample Preparation for Tensile Test ..................................................................... 76 
4.2.3 Mode I Fracture Toughness ................................................................................... 78 
4.2.4 Orthogonal Cutting on Different Orientation of UD-CFRP .................................. 79 
4.2.5 Quantification of Fracture Energy Induced by Orthogonal Cutting ...................... 81 
xiv 
      Results and Discussion ................................................................................................. 85 
4.2.1 Mode I Critical Energy Release Rate (GIC) ........................................................... 85 
4.2.2 Specific Cutting Force and Thrust Force ............................................................... 86 
4.2.3 Influence of Fibre Bouncing Back Phenomena on Orthogonal Cutting................ 88 
4.2.4 Variation of Chip Production from Cutting........................................................... 89 
     4.2.5 Determination of GC Using Energy Balance Model for Cutting ........................... 93 
 Summary ....................................................................................................................... 98 
CHAPTER 5 
Orthogonal Cutting and Fracture Energy for Different Fibre Orientations  .......................... 100 
 Configuration of CFRP Composite Laminates ........................................................... 101 
 Impact of Tool Relief Angle on Orthogonal Cutting .................................................. 102 
 Experimental ............................................................................................................... 102 
5.3.1 Orthogonal Cutting on Different Orientation of CFRP Laminate ....................... 102 
 Results and Discussion ................................................................................................ 104 
5.4.1 Modes of Cutting Failure on CFRP Laminate Leads to Damage Crack Propagation
 ...................................................................................................................................... 104 
5.4.2 Specific Cutting Force (FC) and Thrust Force (Ft) .............................................. 110 
5.4.3 The Bouncing Back Phenomena ......................................................................... 114 
5.4.4 Effect of Tool Relief Angle ................................................................................. 115 
5.4.5 Evaluation of Fracture Toughness and Energy Distribution ............................... 116 
          5.4.5.1 Method 1: Fracture Toughness Using Chip Thickness (hC) ........................ 121  
          5.4.5.2 Method 2: Fracture Toughness Using Coefficient of Friction (COF) ......... 123 
          5.4.5.3 Introducing Method 3 Using Known Yield Stress, σy From Method 1 ...... 127 
     5.4.6 Significant Difference in Fracture Energy for Different Fibre Configuration .... 129 
 Summary ..................................................................................................................... 131 
CHAPTER 6 
Study on Tool Wear and Tool Life for Drilling CFRP and Hole Quality Quantification  .... 133 
 Methodology ............................................................................................................... 134 
     6.1.1 Work piece and Tools ......................................................................................... 134 
          6.1.1.1 Definition of Sharpness and Bluntness of the Drill Bit ............................... 136 
          6.1.1.2 Tool Geometry and Tool Material for Drilling ........................................... 136 
          6.1.1.3 Conventional Twist Drill - In Comparison ................................................. 136 
     6.1.2 Drilling Operation ............................................................................................... 137 
 Results and Discussion ................................................................................................ 139 
xv 
6.2.1 Significant Influence on Thrust Force and Torque.............................................. 139 
6.2.2 Tool Wear Mechanisms Reflecting Tool Life and Micrograph Analysis ........... 141 
6.2.3 Tool Wear Affecting Drilled Hole Quality ......................................................... 146 
     6.2.3.1 Delamination Factor .................................................................................... 151 
     6.2.3.2 Fibre Peel-Up and Push-Down Scenario ..................................................... 153 
6.2.4 Surface Roughness fro Smooth Drilling Indication ............................................ 158 
6.2.5 Assessment of Tool Life on Drilling CFRP ........................................................ 160 
     6.2.5.1 Temperature Affecting Damage on Hole Quality ....................................... 160 
6.2.6 Insight of the Industry Perspective ...................................................................... 161 
 Summary  .................................................................................................................... 163 
CHAPTER 7 
Finite Element Analysis on Supporting Drilling Mechanism for CFRP  .............................. 164 
 Methodology ............................................................................................................... 165 
     7.1.1 FEM Discretization ............................................................................................. 168 
          7.1.1.1 Intra-Laminar Damage Model for Unidirectional CFRP ............................ 168 
          7.1.1.2 Intra-Laminar Damage Model for Woven-Fabric CFRP ............................ 172 
          7.1.1.3 Inter-Laminar Delamination Model ............................................................ 175 
 Results and Discussion ................................................................................................ 176 
7.2.1 FEM Simulation and Validation on Drilling Mechanism ................................... 176 
          7.2.1.1 Damage Criterion for Unidirectional CFRP Laminates .............................. 176     
          7.2.1.2 Damage Criterion for Woven-Fabric CFRP Laminates .............................. 181 
 Summary ..................................................................................................................... 185 
CHAPTER 8 
Conclusions and Future Work ............................................................................................... 187 
 Conclusions ................................................................................................................. 187 
 Recommendation for Future Work ............................................................................. 191 
BIBLIOGRAPHY .................................................................................................................. 193 
APPENDIX A ........................................................................................................................ 210 
APPENDIX B ........................................................................................................................ 216 
PUBLICATION ARISING FROM THIS WORK ................................................................ 220 
xvi 
TABLE OF FIGURES 
Figure 2-1: Illustration of woven fabric in carbon fibre–reinforced polymer (CFRP) ............ 14 
Figure 2-2: Conventional double fluted twist drill characteristics........................................... 18 
Figure 2-3: Drill geometry for conventional twist drill ........................................................... 19 
Figure 2-4: Various drill geometries used in drilling (a) standard twist drill, (b) step drill, (c) 
Brad point drill bit, (d) straight flute drill bit (dagger), (e) multifaceted drill bit and (f) core 
drill/trepanning tool ................................................................................................................. 20 
Figure 2-5: Chip formation for θ= 0°(left), θ= 90° (right) ....................................................... 22 
Figure 2-6: Chip formation for θ = +45° (left), θ = -45° (right) .............................................. 22 
Figure 2-7: Tool wear evolution (1. initial wear, 2. slight wear, 3. moderate wear, 4. severe 
wear and 5. worn out) .............................................................................................................. 24 
Figure 2-8: Schematic representation of thrust force as a function of drill position ............... 27 
Figure 2-9: Drilling stages for thrust force (Fz) and torque (Tz). (I. Entrance, II. Drilling, III. 
Drilling & Reaming, IV. Reaming, V. Backing out) ............................................................... 27 
Figure 2-10: Schematic representation of conventional drilling induced damage and defects ... 
.................................................................................................................................................. 34 
Figure 2-11: Delamination mechanism (a) peel-up; (b) push-down ........................................ 34 
Figure 2-12: Different defects related to hole quality found after drilling. (a) fraying; (b) 
chipping; (c) spalling; and (d) fuzzing ..................................................................................... 36 
Figure 2-13 (a-b): Schematic representation of parameters involved in orthogonal cutting 
process...................................................................................................................................... 38 
Figure 2-14: Schematic of major sectors of fibre-cutting edge interaction angles and cutting 
mechanisms .............................................................................................................................. 39 
xvii 
Figure 2-15: Edge geometry of the uncoated helicoidal carbide drills: (a) new tool; (b) flank 
wear; and (c) honed edge ......................................................................................................... 43 
Figure 3-1: (a) Types of the drill bit, from top to bottom, GT15 drill reamer, GT50 dagger drill, 
and twist drill. .......................................................................................................................... 48 
Figure 3-1: (b) Blue print drawing of drill bits, from left to right, GT50 dagger drill, GT15 drill 
reamer, and twist drill…………………    ……………………………………..............49 
Figure 3-2: Schematic diagram of drill bit fundamental geometry (Courtesy of AirBus UK).
.................................................................................................................................................. 49 
Figure 3-3: Types of backing plates, from left to right, full support, no support, and partial 
support...................................................................................................................................... 50 
Figure 3-4: Microstructure of fibre orientation of CFRP laminate under an optical digital 
microscope and SEM ............................................................................................................... 51 
Figure 3-5: Typical nanoindentation loading-unloading curve obtained from the 
nanoindentation test with 3 mN of applied load ...................................................................... 52 
Figure 3-6: Hardness plot versus displacement for each layers consist in the laminates. ....... 53 
Figure 3-7: DMA plot for CFRP laminate using DMA tester ................................................. 54 
Figure 3-8: Typical flexural curve of the CFRP laminate from three point bending test. ....... 55 
Figure 3-9: Thrust force versus depth at a feeding rate of 50 mm/min with (a-b) full support, 
(c-d) partial support, and (e) no support. ................................................................................. 56 
Figure 3-10: Torque versus speed for different tool types with (a) full support, (b) partial 
backing support, and (c) no support. ........................................................................................ 57 
Figure 3-11: Schematic diagram of the drilled hole cross-section laminate for surface laser 
using Profilometer .................................................................................................................... 60 
Figure 3-12: Comparison of the surface topography of drilled hole wall by drill reamer at 1000 
rpm (R1000) and twist drill at 500 rpm (T500) ....................................................................... 61 
xviii 
Figure 3-13 (a-c): Cutting edge of the cross-section drilled hole specimen under microstructure 
using digital microscope at the bottom surface of hole wall left and right edges. (a) Twist drill, 
(b) Dagger drill, and (c) Drill reamer ....................................................................................... 62 
Figure 3-14: Morphology of chips shapes produced at a spindle speed of 500 rpm: (a) GT50 
dagger drill, (b) GT15 drill reamer, and (c) twist drill............................................................. 65 
Figure 3-15: Temperature distribution plot for (a) Twist, (b) dagger, and (c) reamer drill with 
full backing support during drilling at 500, 1000 and 2000 rpm drilling speed ...................... 66 
Figure 3-16: Tomography of heat detection between tool and laminate interface using 
thermoIMAGER 160/DK camera during drilling .................................................................... 67 
Figure 3-17: Plot of roundness at different spindle speed with specific tools and with partial 
backing support ........................................................................................................................ 70 
Figure 3-18: Digital microscope images for circularity of hole entry using dagger drill (left) 
and exit using twist drill (right) with partial support backing plate at 500 rpm ...................... 71 
Figure 4-1: Three crack opening modes .................................................................................. 74 
Figure 4-2: Cutting of the main cutting edge under various fibre cutting angles .................... 74 
Figure 4-3: (a) Schematic diagram of UD-CFRP laminates. (b) Definition of the relationship 
of drilling fibre and fibre cutting direction .............................................................................. 75 
Figure 4-4: (Left) Typical DCB tensile test. (Right) Schematic diagram of DCB tensile test for 
intra-laminar ............................................................................................................................. 77 
Figure 4-5: Pre-crack using pre-crack fixture and a razor blade ............................................. 77 
Figure 4-6: Mode I tensile testing set-up ................................................................................. 78 
Figure 4-7: Tool sharpness as define in a radius of curvature taken from Leica digital 
microscope ............................................................................................................................... 80 
Figure 4-8: Fibre orientation for orthogonal cutting indicated in the red surface. Left to right, 
longitudinal, layer and transverse ............................................................................................ 81 
Figure 4-9: Orthogonal cutting experiment set-up................................................................... 81 
xix 
Figure 4-10: Schematic diagram of the cutting process, parameter involves and those forces 
acting on the shear plane .......................................................................................................... 84 
Figure 4-11: Schematic diagram of friction test ...................................................................... 84 
Figure 4-12: R-curves of mode I intra-laminar crack growth using modified beam theory 
(MBT) method and compliance calibration (CC) method ....................................................... 85 
Figure 4-13: Orthogonal cutting forces Fc and Ft versus depth of cut (DOC) plot at different 
fibres orientation, longitudinal, layer and transverse direction. ............................................... 87 
Figure 4-14: Microstructure of fiber distortion and fibre bouncing back phenomena from post-
cutting laminate under Leica digital microscope ..................................................................... 88 
Figure 4-15: Graphs of nominal cutting depth versus real cutting depth and bouncing back for 
different fibre orientation ......................................................................................................... 89 
Figure 4-16: Chip damage under microstructure analysis using Leica digital microscope. Left 
is chip obtained from longitudinal orientation; right is from layer orientation ....................... 91 
Figure 4-17: Microstructure analysis for transverse cutting direction of 20, 40 and 60 µm 
cutting depth at 50 and 100 magnification for chip thickness measurement using ImageJ 
software. Right-hand side image is an enlarged image of left-hand side ................................ 92 
Figure 4-18: Microstructure analysis for transverse cutting direction of 80 and 100 µm cutting 
depth at 50 and 100 magnification for chip thickness measurement using ImageJ software. 
Right hand side image is an enlarge image of left hand side ................................................... 93 
Figure 4-19: Method 1: (Fc/b – Ft/b tan φ)) versus h/2 (tan φ + 1/ tan φ) plot ....................... 95 
Figure 4-20: Method 2: (Fc/b) versus (h.cot ϕ) plot ................................................................ 95 
Figure 4-21: Chip curling during orthogonal cutting for transverse direction of UD-CFRP 
where Ri is the inner radii of curvature of the chip and R0 is the outer radii of curvature of the 
chip obtained from microstructure analysis using Leica digital microscope ........................... 98 
Figure 5-1: Definition of fibre direction/orientation θ in cutting for drilling CFRP ............. 101 
Figure 5-2: Schematic diagram of fibre orientation configuration and orthogonal cutting ... 103 
xx 
Figure 5-3: Typical load traces of cutting force (Fc) and thrust force (Ft) for polymer composite 
versus time from orthogonal cutting test ............................................................................... 104 
Figure 5-4: Typical orthogonal cutting process using CNC machine with chip formation for 0° 
fibre orientation using HSS cutting tool ................................................................................ 106 
Figure 5-5: Chip formation from cutting 45° fibre orientation using CNC machine with carbide 
tool tipped and 4° relief angle under Leica digital microscope analysis for (a) at 200µm and (b) 
at 100µm ................................................................................................................................ 106 
Figure 5-6 (a-b): Chip formation from cutting 90° fibre orientation using CNC machine with 
carbide tool tipped and 4° relief angle under Leica digital microscope analysis at 200µm. (c) 
Subsurface damage and uneven fibre cut due to fibre bouncing back ................................... 107 
Figure 5-7 (a-d): Chip formation from cutting 135° fibre orientation using CNC machine with 
carbide tool tipped and 4° relief angle under Leica digital microscope analysis at 200 µm. 108 
Figure 5-8 (a-b): Chip formation from cutting 45° fibre orientation using CNC machine with 
carbide tool tipped and 17° relief angle under Leica digital microscope analysis at 200µm. (c) 
at 100 µm ............................................................................................................................... 109 
Figure 5-9: (a) Chip formation for cutting 135° fibre orientation using CNC machine with 
carbide tool tipped and  17° relief angle under Leica digital microscope analysis at 200µm. (b) 
at 100 µm ............................................................................................................................... 109 
Figure 5-10: Chip formation segmented in block chip for cutting 90° fibre orientation using 
CNC machine with carbide tool tipped and with 17° relief angle under Leica digital microscope 
analysis at 100µm .................................................................................................................. 110 
Figure 5-11: Cutting forces and thrust force versus depth of cut (DOC) plot from an orthogonal 
cutting test using CNC machine using carbide tool tipped with 4° and 17° of relief angle and 
different fibre orientation. (a-d) 0°, 90° 45° and 135° ........................................................... 112 
Figure 5-12: Typical cutting force (Fc) profiles for 0°, 45°, 90° and 135° fibre orientation with 
4° relief angle from the orthogonal cutting test ..................................................................... 113 
Figure 5-13: Fibre bouncing back height versus depth of cut of 10 µm, 50 µm and 100 µm from 
orthogonal cutting. a) 4° relief angle, b) 17° relief angle ...................................................... 115 
xxi 
Figure 5-14: Schematic diagram of the effect of relief angle reflecting on the creation on fibre 
bouncing back on 45° fibre orientation .................................................................................. 116 
Figure 5-15: The distance moved by the shear force, dus along the shear plane and the 
associated distance moved by shear force S. dxc along the tool-chip interface for a tool advance 
of dx. The dotted line (i) shows the width of the shear zone, dy associated with the tool advance 
of dx ....................................................................................................................................... 119 
Figure 5-16: Illustrates fibre pull-out during crack growth potentially for fibres greater than 0° 
in orientation .......................................................................................................................... 119 
Figure 5-17: Method 1: Fc/b-Ft/btanφ versus h/2(tanφ+1/tanφ) using chip thickness in 
comparison of fibre orientations and relief angle to determine σy from the gradient and GC from 
the y-intercept ........................................................................................................................ 123 
Figure 5-18: Method 2: Fc/b versus hcotφ using the coefficient of friction at 0° fibre orientation 
in comparison of the relief angle to determine σy from the gradient and GC from the y-intercept
................................................................................................................................................ 125 
Figure 5-19: Method 2: Fc/b versus hcotφ using the coefficient of friction at 90° fibre 
orientation in comparison of the relief angle to determine σy from the gradient and GC from the 
y-intercept .............................................................................................................................. 126 
Figure 5-20: Method 2: Fc/b versus hcotφ using the coefficient of friction at 45° fibre 
orientation in comparison of the relief angle to determine σy from the gradient and GC from the 
y-intercept .............................................................................................................................. 126 
Figure 5-21: Method 2: Fc/b versus hcotφ using the coefficient of friction at 135° fibre 
orientation in comparison of the relief angle to determine σy from the gradient and GC from the 
y-intercept .............................................................................................................................. 127 
Figure 5-22: Method 3: Fc/b versus hcotφ by using known σy with 4° relief angle at different 
fibre orientation to determine σy from the gradient and GC from the y-intercept .................. 128 
Figure 5-23: Method 3: Fc/b versus hcotφ by using known σy with 17° relief angle at different 
fibre orientation to determine σy from the gradient and GC from the y-intercept .................. 129 
xxii 
Figure 6-1: Microstructure of fibre orientation for CFRP composite laminate under Leica 
digital microscope with polished surface ............................................................................... 135 
Figure 6-2: Geometry of drill bits tip used for this chapter, dagger drill GT50 (left) and reamer 
drill GT15 (right) using Stereo microscope under 100 µm ................................................... 135 
Figure 6-3: Drilling setup for the drilling operation .............................................................. 138 
Figure 6-4: Detailed on drilling fixture can refer to chapter 3 ............................................... 138 
Figure 6-5: Thrust force versus number of drilled hole for comparison between original 
laminate and laminate without coating material using dagger drill with constant drilling speed 
of 2000 RPM and 50 mm/min feed rate................................................................................. 140 
Figure 6-6: Thrust force versus number of drilled hole for dagger and reamer drill at constant 
drilling speed of 2000 RPM and 50 mm/min of feed rate ..................................................... 140 
Figure 6-7: Torque versus number of drilled hole for dagger and reamer drill at constant drilling 
speed of 2000 RPM and 50 mm/min of feed rate .................................................................. 141 
Figure 6-8: Comparison of wear on the new drill bit (left) and after 1500 drilled hole (right) 
using SEM NeoScope Tabletop. (a) Side view of dagger drill at 200 µm; (b) front view of 
dagger drill at 100 µm. Small images show diameter of tool tip ........................................... 143 
Figure 6-9: Wear on the side view of dagger drill after 250 (left) and 500 (right) hole drilled 
with constant drilling speed 2000 RPM and feed rate 50 mm/min using Leica Digital 
Microscope at 100 µm ........................................................................................................... 144 
Figure 6-10: Wear on drill reamer after 250 (left) and 500 (right) hole drilled with constant 
drilling speed of 2000 RPM and feed rate 50 mm/min using Leica Digital Microscope at 200 
µm .......................................................................................................................................... 144 
Figure 6-11: Wear on reamer drill after 250 (left) and 500 (right) hole drilled on the other 
cutting edge with constant drilling speed of 2000 RPM and feed rate 50 mm/min using Leica 
Digital Microscope at 100 µm ............................................................................................... 145 
Figure 6-12 (a): Front view of reamer drill; comparison of wear on the new drill bit (left) and 
1500 hole drilled (right) wear with constant drilling speed 2000 RPM and feed rate 50 mm/min 
using SEM NeoScope Tabletop at 1 mm magnification ........................................................ 145 
xxiii 
Figure 6-12 (b): Comparison of wear on the new drill bit (left) and 1500 hole drilled (right) 
wear with constant drilling speed 2000 RPM and feed rate 50 mm/min using SEM NeoScope 
Tabletop at 200 µm. (a) Front view of reamer drill; (b) Zoom in on side view of reamer drill
................................................................................................................................................ 146 
Figure 6-13: Top (left) and bottom (right) surface after 50 hole drilled using dagger drill .. 147 
Figure 6-14: Top (left) and bottom (right) surface after 300 and 500 hole drilled using dagger 
drill ......................................................................................................................................... 148 
Figure 6-15: Top (left) and bottom (right) surface after 1500 hole drilled using dagger drill
................................................................................................................................................ 148 
Figure 6-16: Top (left) and bottom (right) surface after 50, 150 and 250 hole drilled using drill 
reamer .................................................................................................................................... 149 
Figure 6-17: Top (left) and bottom (right) surface after 1000 and 1500 hole drilled using  drill 
reamer .................................................................................................................................... 150 
Figure 6-18: Delamination factor evaluation using delamination diameter of hole drilled ... 152 
Figure 6-19: Delamination factor versus number of holes plot for dagger and reamer drill with 
percentage of thrust force increment with respective drill bits .............................................. 153 
Figure 6-20: Schematic diagram on measuring peel-up and push-down from the top and bottom 
surface of the first top and bottom layer ................................................................................ 154 
Figure 6-21: Drilled hole cross section for dagger drill at drilled hole number 50 using Leica 
Digital Microscope at 200 µm magnification ........................................................................ 155 
Figure 6-22: Drilled hole cross section for dagger drill at drilled hole number 1500 using Leica 
Digital Microscope at 200 µm magnification ........................................................................ 156 
Figure 6-23: Drilled hole cross section for reamer drill at drilled hole number 50 using Leica 
Digital Microscope at 200 µm magnification ........................................................................ 157 
Figure 6-24: Drilled hole cross section for reamer drill at drilled hole number 1500 using Leica 
Digital Microscope at 200 µm magnification ........................................................................ 158 
xxiv 
Figure 6-25: Profilometer to measure surface roughness on hole wall and delamination for top, 
bottom surface and drilled hole wall ...................................................................................... 159 
Figure 6-26: Final peak temperature versus number of drilled hole for dagger drill and drill 
reamer .................................................................................................................................... 161 
Figure 6-27: Tool wear and fracture by dagger drill taken from Spirit Aerosystem Malaysia
................................................................................................................................................ 162 
Figure 6-28: Tool wear and fracture by drill reamer taken from Spirit Aerosystem Malaysia 
................................................................................................................................................ 162 
Figure 7-1: Finite element mesh of the 6-ply unidirectional composite laminate ................. 167 
Figure 7-2: Finite element meshing of drilling woven-fabric composite .............................. 168 
Figure 7-3: Finite element mesh of the 4- ply woven-fabric composite laminate ................. 168 
Figure 7-4: Equivalent stress versus equivalent displacement .............................................. 172 
Figure 7-5: (a) Thrust force and (b) torque curve as a function of drilling depth for UD laminate 
from FEA ............................................................................................................................... 177 
Figure 7-6: Stress evolution in UD composites laminate during dagger drilling at point 1-5 
based on thrust force history .................................................................................................. 178 
Figure 7-7: Drilling mechanism of 6-ply UD CFRP composite laminate obtained from FEA ... 
................................................................................................................................................ 179 
Figure 7-8: Damage evolution for each ply on UD CFRP composite laminate from FEA ... 181 
Figure 7-9: (a) Thrust force and (b) torque curve as a function of drilling depth for woven-
fabric laminate from FEA ...................................................................................................... 182 
Figure 7-10: Stress evolution in woven-fabric composites laminate during dagger drilling at 
point 1-6 based on thrust force history .................................................................................. 183 
Figure 7-11: Delamination for woven-fabric CFRP predicted by FE model......................... 184 
Figure 7-12: Damage variables in each ply for woven-fabric composite laminate ............... 185 
xxv 
TABLE OF TABLES 
Table 2-1: Features of the aircraft structure ............................................................................. 13 
Table 2-2: Characteristics and mechanical properties of work-piece ...................................... 15 
Table 3-1: Drill bit geometry for reamer drill, dagger drill and twist drill .............................. 49 
Table 3-2: Identification of different metallic element in the coating material of the laminate
.................................................................................................................................................. 51 
Table 3-3: Surface roughness of hole wall for drilling with full support and no support backing 
plate .......................................................................................................................................... 61 
Table 3-4: Surface roughness of hole wall for drilling with partial support backing plate ..... 61 
Table 3-5: Particle size analysis for full, partial, and no support backing plate during drilling 
with different types of tool ....................................................................................................... 64 
Table 3-6: The measured temperature on the laminates during drilling with partial support and 
no support conditions ............................................................................................................... 67 
Table 3-7: Damage factor of drill hole with no backing plate support at 2000 rpm ................ 70 
Table 4-1: Chip thickness for longitudinal, layer and transverse fibre orientation measured 
using chromatic distance laser sensor (Stil CHR 150) from the surface difference before and 
after orthogonal cutting ............................................................................................................ 91 
Table 4-2: Gc and σy values obtained from method 1 and method 2 ....................................... 94 
Table 5-1: Summarize of fracture energy Gc evaluated by Method 1, 2 and 3 ..................... 130 
Table 5-2: Summarize of yield stress σy produce by Method 1, 2 and 3 ............................... 130 
Table 6-1: Length of increment on fibre peel-up and push-down from the first layer of laminate 
for dagger and reamer drill at number of drilled hole at 50, 500, 1000 and 1500 ................. 156 
Table 6-2: Surface roughness Ra for dagger drill and drill reamer from drilled hole number 50 
up to 1500 .............................................................................................................................. 160 
xxvi 
 
Table 7-1: Mechanical properties of the UD composite laminate ......................................... 171 
Table 7-2: Mechanical properties of the woven composite laminate .................................... 174 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
 
 
 
General Introduction 
 
 
 Introduction and Motivation 
Although composites are produced to near-net shape, machining is often needed, as it turns out 
necessary to fulfil requirements related with dimensional and geometrical tolerances or part 
assembly [1]. Drilling is one of the prime manufacturing processes used in assembly lines of 
components for fastening and joining two components. Drilling composite materials is one of 
the secondary processes of manufacturing industrial structures. Also, drilling is a process of 
making holes, and it is essential for assembly mainly related to the mechanical fasteners. 
However, drilling composite materials present some problems such as degradation of 
mechanical behaviour of the drilled structure and also drilling tools. At present, conventional 
drilling is used most commonly, but grinding drilling, vibration-assisted twist drilling, and 
high-speed drilling provide a better quality of drilled holes as well as high efficiency. 
Moreover, carbide tools, coated carbide tools and polycrystalline diamond (PCD) tools have 
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been known to produce good results regarding tool wear and tool life during drilling composite 
laminates.  
Advanced composites are designed materials. In the last decade, the use of carbon fibre 
reinforced polymer (CFRP) composite laminates in a wide range of applications have 
increased. With the unique properties such as low weight, high specific stiffness and specific 
strength, high damping, low thermal expansion and good dimensional stability, composites 
have received considerable attention due to their excellent engineering properties [2]. Drilling 
is probably the most frequently used operation in the aircraft industry. At times, drilling as 
many as 55,000 holes is expected to complete single unit production of the Airbus A350 aircraft 
[3]. It is noted that typically thousands of holes are made during the manufacturing of a large 
commercial airframe for Boeing which illustrated the importance of drilling process for aircraft 
composites [4] where most of the structures composed of CFRP composites.   
During applications of the composites, the presence of holes or cut-outs for various purposes 
must be considered. For example, when the hole is produced by machining after fabrication of 
a composite material, a decrease in strength is expected because of breakdown of the 
continuous fibre bundles. The diverse properties of fibres and matrices combined with desired 
fibre orientations have a significant effect on the machining process. Because of this, any 
machining without care might lead to many undesirable results such as delamination, fibre 
pullout, uncut fibres, etc. These phenomena must be taken into consideration in the evolution 
of composite durability and structural reliability. Several non-traditional machining processes 
such as laser cutting, water jet cutting, etc. have been developed to machine CFRP. 
Nevertheless, conventional machining processes such as drilling, milling, sawing, etc. are still 
in used.  
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Drilling of carbon/epoxy laminates is commonly carried out using standard drills, like twist or 
brad drills. However, it is necessary to bear in mind the need of adapting the processes and 
tooling, as a risk of inducing delamination, or other damage can be high. In the production of 
higher quality holes, minimising damage, is an aim of everyone in composites manufacturing 
industry [5]. On the other hand, tooling development is necessary to assure that processes are 
available to efficiently and effectively produce so many holes. Unique tools are used for the 
specific structure [4]. PCD drills are used for processing CFRP parts in the aerospace 
industries. However, they are expensive, and it is relatively difficult to apply diamond powder 
coatings on complicated drill patterns. In order to minimise aircraft manufacturing costs, it 
would be beneficial if new efficient drills and processes could be developed to replace the 
conventional twist-shaped PCD coated drills with their associated high costs and slow drilling 
speeds. 
Prediction of cutting forces for any set of cutting parameters is essential in optimal design and 
manufacturing of products. It has been predicted that most of the problems associated with hole 
making operation, especially drilling, can be attributed to the force generated during the 
operation. Many developments and experiments were conducted on drilling of composite 
laminates for damage free addressing the quality of the hole in relation to tool geometry and 
tool material. These activities become a current focus, especially in the aircraft manufacturing 
industry. There are many assumptions made on the effects of spindle speed and feed rate on 
the tool wear and hole quality. At the same feed rate, the slower spindle speed results in higher 
wear rates on the tool. This is due to longer engagement times between the tool and the material. 
Longer engagement times leads to higher abrasion, due to the fibre rubbing on the tool. This 
action increases wear on the tool and increased the thrust force value. The thrust force is 
elevated as the feed rate is increased due to the elevation in the cutting effort. Additionally, 
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tool wear also reduces efficiency of cutting, leading to further elevation of the thrust force. The 
thrust force increases with feed rate and decreases with spindle speed, so that a low thrust force 
without delamination requires a low feed rate and a high spindle speed [2]. In contrast, a high 
spindle speed is beneficial for drilling on the increased efficiency of cutting, and increasing 
spindle speed will certainly increase a production rate.  
The feed is the distance that a drill travels into the work piece for each revolution. Damage 
increases with feed rate since the feed rate has a great influence on the thrust force. It is possible 
to reduce the thrust force to a minimum by reducing the feed rate, but this action may cause 
other problems like a significant increment on drilling time, which increases the cost of 
production and the reduction of the tool life. Therefore, the best approach is to optimise the 
feed rate, and this can be done by investigating the delamination mechanisms at different feed 
rate. 
The quality of the cutting surfaces is strongly dependent on the drilling parameters, tool 
material and tool geometry. Ineffective selection of these parameters can lead to unacceptable 
material degradation, such as fibre pull-out, matrix cracking, thermal damage, delamination, 
etc. though the most critical defect caused by drilling appears to be delamination. These defects 
can affect not only the load carrying capacity of composite parts but also the strength and 
stiffness of the structures. Also, two critical criteria (hole diameter and cylindricity) were 
usually applied to determine the hole quality regarding the size and shape. The average hole 
diameter has to be within the size tolerance which is described as two concentric circles. 
Cylindricity is the extension of roundness into the entire length of the hole. The cylindricity 
tolerance zone is established by two concentric cylinders between which the machined hole 
must lie [6].  
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Also, the further that needs to take into consideration is chip removal during drilling, which is 
in fact a cutting process locally. Zhang et al. [6] categorised the chips into three types: 
continuous chip, a continuous chip with a built-up edge, and discontinuous chip. The distinctive 
features of the chip can be described as serrated, shear-localised, discontinuous, cyclic and 
segmented. There are two main shapes of continuous chip morphology: spiral cone chip and 
folded long ribbon chip. The spiral cone chip is easier to be ejected so the length of spiral cone 
chip can be considered as a scale to evaluate the difficulty for chip evacuation during drilling.  
Furthermore, the motivation of the traditional machining study has long been focused on 
improving machining tool design and describing the friction effects and the plasticity 
deformation during chip formation. Over the last decade, it is contended by an increasing 
number of researchers [7-9] that fracture cannot be excluded from the cutting mechanisms as 
fundamentally cutting processes create new surfaces. The idea regarding cutting as a fracture 
problem has been firmly established by Atkins [10], especially for polymers. Theoretical 
analysis performed by Atkins [10] and Williams [8] based on an orthogonal cutting process 
shows that the cutting forces used for material removal depend on the fracture toughness as 
well as the traditional view of plasticity and friction. By reassessing previous published 
experimental results and theoretical models, it is confirmed that the separation mechanism in 
the cutting process is determined by the fracture toughness of the material. With that in mind, 
the analysis of any cutting operations should consider a fracture parameter. 
 Objectives of This Study 
As generally known, drilling process is a multipoint cutting, which is more complicated in 
comparison to another machining process where a single edge cutting mechanism works 
largely. Drilling of composite laminates differs in many aspects significantly from the drilling 
of conventional metal and their alloys. 
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Refining the currently available drilling processes and developing more advanced drilling 
processes for composite laminates are desirable to improve cost-effectiveness of manufacturing 
industry. The aircraft industry is always demanding lower cost solutions for manufacture to 
enable aircraft to be sold at competitive prices. Therefore, cost-effectiveness on manufacturing 
process will be the major issue for the industry. Therefore, a good quality of machining process 
must be achievable parallel with the cost-effectiveness. Some particular concerns regarding 
drilling on composites in this study have been collected from Spirit AeroSystems Malaysia Sdn 
Bhd, a key manufacturing and assembly company of aircraft parts, especially for Boeing and 
Airbus. However, there is always critical issue faced by the industry, which needs further 
exploration scientifically. Therefore, Spirit AeroSystems is the major ‘problem provider’ for 
this study. As a conclusion, the effectiveness of drilling parameter and quality of drilling 
machinability are investigated in this research. The data obtained will provide a significant 
contribution to the industrial application. Other than that, major issue recently raised by 
researchers regarding drilling on composite especially CFRP laminates form the essential 
element of this research. 
Machining a fibre reinforced composite material is a rather complex task owing to its 
heterogeneity, heat sensitivity, and the fact that reinforcements can be extremely abrasive. The 
hardness of the glass fibres and specifically carbon fibres can result in a high level of tool wear 
in machining operations. Carbide tools and carbide-coated tools are normally used as they yield 
good results regarding tool wear and tool life during the drilling of composite laminates. In any 
case, the right selection of right drill, drill geometry and machining parameters is essential to 
improve the quality of the drilled holes with an extended drill life that will reduce the drilling 
cost on composite structures. In the aerospace industry, the drilling of carbon fibre reinforced 
polymer (CFRP) composite material is a common and crucial operation. However, this critical 
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machining process is not yet fully controlled and is lack of standard in practical operation 
sometimes. Besides, the knowledge of the drilling forces and the tool wear phenomenon is an 
important issue to assure a high quality of the drilled hole. Therefore, optimal drilling 
parameters with reliable efficiency are aimed to be developed in this study to ensure high 
quality holes in production. 
Drilling carbon fibre laminates has recently been improved by using a GT-105 Burnishing drill 
with good results. However, delamination remains the biggest problem. The importance of 
using proven methods and the correct tools are essential. Drilling at a high spindle speed does 
not work if the right drilling speed with a controlled feed rate is not specified. Thus, appropriate 
control parameters such as spindle speed, feed rate and type of tools will be the main input for 
investigating tool wear, tool life and delamination.  
In a nutshell, drilling fibre reinforced composite materials is different from other machining or 
cutting processes due to the unique material properties of the composites and the intricate 
geometry of drilling tools. To study in depth of drilling mechanisms, mode I fracture toughness 
initiates from orthogonal cutting is investigated. Before carry-out a further analysis, it is 
important to understand the fundamental role of fracture toughness in cutting, influencing 
drilling. Cutting rake angle, depth of cut, fibre cutting orientation and cutting a unidirectional 
laminate at different fibre orientations are focused and investigated as these are the essential 
parameters affecting orthogonal cutting. Chip formation and chips generated from the cutting 
process in relation to the orientation of the fibre are the main result describing the cutting 
mechanisms. To further describe the cutting mechanisms, an energy balance model is extended 
from the successful model studied by Williams [11]. In addition, chip removal was one of the 
most important parameters related to the drilling ability evaluation and in determining the 
optimal drilling conditions.  
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Composite materials: carbon fibre, Kevlar, Nomex, glass fibre reinforced polymer (GFRP) and 
fibre reinforced metallic laminates creates problems for tool application particularly when 
machining operations are carried out manually and without coolant. It is challenging in the 
design and manufacture of new tooling, continuing to make improvements with composite 
manufacturing in the future. Tool wear and tool life are the other main parameters in this study 
affecting machining and manufacturing. It is a subjective matter indicating tool wear and tool 
life as there remains no standard on determining the tool wear and tool life for drilling tools. 
With that in mind, in this study, up to 1500 holes are drilled to investigate tool wear and the 
tool life mechanism. Tool wear causes a reduction in the quality of the drilled holes leading to 
damage in composite laminates. Besides, tool wear will increase heat generation during drilling 
diminishing quality of composite laminates by degrading the polymer matrix (if the local 
temperature rises above the glass transition temperature (Tg)).   
Delamination induced by drilling can also cause internal crack propagation which leading to 
structural failure. Damage to the surface and sub-surface structure induced by machining 
operation is the primary study to maintain the integrity of the components. Making holes with 
high quality, cutting with high efficiency and tools with high durability are the main focuses 
of this study to determine the drilling efficiency on carbon fibre composites laminates. In 
addition, a finite element analysis (FEA) is used as a trial for verification on drilling 
mechanisms and damage characterisation using a dagger drill. Unfortunately, the effort to 
verify drilling mechanisms using a reamer drill is unsuccessful due to geometry specification 
constraint. 
 Scope of Thesis  
Chapter 2 gives a thorough review on previous studies on drilling and machining CFRP 
composite laminates. Essentially, back to basics, this chapter presents the current 
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understanding of drilling parameters such as feed rate and spindle speed as well as 
machinability parameters such as thrust force, torque, surface roughness, delamination factor, 
etc. On the other hand, the studies on drill bit tool wear and tool life are also reviewed 
addressing the drill bit used in this study that is not for domestic application but is specifically 
designed to drill carbon fibre composite laminates for aerospace applications. 
Chapter 3 describes drilling CFRP laminates using three different carbide drill bit of dagger 
drill, reamer drill and twist drill at three spindle speed of 500, 1000 and 2000 rpm, respectively, 
with a constant feed rate at 50 mm/min with three different backing plates of full support, 
partial support and no support. These drilling parameters are applied to investigate drilling hole 
quality and drilling machinability. 
Orthogonal cutting has implemented in Chapter 4 to discover the fracture toughness of CFRP 
laminates, which influences drilling mechanisms, by using an energy balance model of fracture. 
It is crucial to understand the fundamental role of fracture toughness in the cutting process. The 
study tries to address the simplest cutting modes associated with drilling. With that in mind, 
three different cutting direction in unidirectional CFRP laminates are used for orthogonal 
cutting to determine the relevant fracture toughness between fibres in CFRP laminates. With 
the experimental data, cutting forces and cutting depth are analysed to understand the effect of 
fracture toughness with consideration of chip formation phenomenon. Some modification of 
the energy balance model is made due to the material properties of CFRP laminates leading to 
extreme thrust force (Ft). Further investigation on fracture resistance of the CFRP laminates on 
the different fibre orientations of the composite laminates at 0°, 90°, 45° and 135° are 
characterised in Chapter 5. Also, the effort on reducing thrust force is addressed by studying 
the effect of tool relief angle during cutting. This is to examine if the theory of fracture can be 
applied in orthogonal cutting of unidirectional; CFRP laminates of different fibre orientations.   
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Drilling of composite laminates imposes unique demands on the geometry and the wear 
resistance of the drill bit. Tool wear mechanisms and development during drilling of composite 
laminates need to be attentively considered to establish correct drilling selection criteria. Other 
than that, machine quality may decrease with an increase in temperature of chips, which may 
result in jamming of chips requesting additional energy for chip removal. Chapter 6 in this 
thesis further extends the study in Chapter 3 with a focus on tool wear. Dagger drill and reamer 
drill are chosen for an integrated analysis of tool wear, tool life and laminates drilling hole. 
With the constant spindle speed at 2000 rpm and feed rate of 50 mm/min, drill bits are used to 
drill up to 1500 holes for characterisations of tool wear and damage evolution in the CFRP 
laminates. Observation on drill bit bluntness and wear are portrayed in this chapter. 
A finite element analysis (FEA) on the drilling process using a dagger drill is simulated in 
Chapter 7 using ABAQUS to simulate the drilling mechanism and chip removal mechanism. 
In incorporates a set of failure criteria of fibre composites into the FEA simulation to articulate 
the continuous and progressive material removal in the drilling process, as well as the build-up 
of forces associated with the process. It helps further exploration of current and new drilling 
process for fibre reinforced composites.  
The last but not the least, the final Chapter 8 summarise and concludes the entire research study 
and hard work being carried out. In addition, some suggestions for future studies drawn from 
the current work is mentioned in this chapter. 
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The most glowing example of the utilisation of potential composite materials can be seen 
widely in the current programs of development of small and big civil transport aircraft, military 
fighter aircraft, satellites, launch vehicles, helicopter and missiles. Due to the demand of a high 
degree of reliability and safety of aerospace structures, the usage of composites currently 
become the main concern as in contradiction of the complexity of composite behaviour and 
consequent difficulties in building prediction models. In addition, due to the high abrasiveness 
of the reinforcing constituents, the anisotropic and non-homogeneous structure of composites, 
makes machining of composite materials are difficult to carry out. Likewise, drilling is the 
most frequently employed operation for fibre-reinforced materials for the needs of joining 
structures and installing fasteners for parts assembly. 
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2.1 Composite Material in Aerospace Industry 
Most promising group of materials for various industries are composite. The primary quality 
of composites, low density and high strength to weight ratio, make them ideal where low 
weight, high strength, and high stiffness are demanded. The usage of composite materials has 
grown in recent years. 70% of the weight of new Airbus A380 or Boeing 787 structure uses 
composites. Critical requirements of an aerospace structure and their effect on the design of 
the structure are presented in Table 2-1. Composite materials are found also in other industries 
and common daily life application where low weight and excellent mechanical characteristics 
are required. Besides tougher resins development and high strain fibres, the growth of 
composites as aircraft structural materials will depend upon the success of cost reduction 
techniques, which is now becoming the focus of attention for new developments. On the other 
hand, two key developments in a technological world are the advances in the computational 
power and the composites technology using fibre reinforced polymeric materials. Composite 
technology using fibre reinforced polymeric materials is applied by the powerful computational 
tools as well as computer interfaces and computer-aided design (CAD) modelling in 
manufacturing. Besides that, the peculiar behaviour of composite materials during machining 
has been widely observed experimentally. As a conclusion, low material stiffness has great 
influence on the generation of many machine damages. 
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Table 2-1. Features of the aircraft structure [12]. 
Requirement Applicability Effect 
Lightweight All aerospace programs • Semi-monocoque construction ( Thin-walled-box 
or stiffened structures) 
• Use of low-density materials ( Wood, Al-alloys, 
Composites) 
• High strength/weight, high stiffness/weight 
High reliability All aerospace programs • Strict quality control 
• Extensive testing for reliable data 
• Certification: Proof of design 
Passenger safety Passenger vehicles • Use of fire retardant materials 
• Extensive testing: Crashworthiness 
Durability-fatigue 
and corrosion  
 
Degradation: 
vacuum radiation 
thermal 
Aircraft 
 
 
 
Spacecraft 
• Extensive fatigue analysis/testing (Al-alloys do 
not have a fatigue limits) 
• Corrosion prevention schemes 
• Issues of damage and safe-life, life extension  
• Extensive testing for required environment 
• Thin materials with high integrity 
Aerodynamic 
performance 
Aircraft 
Reusable spacecraft 
• Extremely complex loading 
• Thin flexible wings and control surfaces 
(Deformed shape-aeroelasticity; dynamics)  
• Complex contoured shapes (Manufacturability, 
machining, moulding) 
Multi- role or 
functionality 
All aerospace programmers • Efficient design 
• Use: Composites with functional properties 
Fly-by-wire Aircraft, mostly for fighters 
but also some in passenger 
aircraft 
• Structure-control interactions (Aero-servo-
elasticity) 
• Extensive use of computers and electronics 
Stealth Specific Military Aerospace 
Application 
• Specific surface and shape of aircraft (stealth 
coating) 
All-weather 
operation 
Aircraft • Lightning protection, erosion resistance 
 
2.1.1 Composite Laminates 
In recent years, the utilisation of composite laminates has widened from automotive to aircraft 
manufacturing industries. Advance composite materials make about 50% of the structural 
weight of Boeing 787 and Airbus A350XWB [13]. Frequently, components made out of 
composite materials are near-net-shaped, thus requiring holes for assembly integration. This is 
where drilling is an essential process in composite assembly.  
Fibre ‘skeleton’ which geometrical orientation depends on force direction is enveloped in a 
matrix of thermoset or thermoplastic, which mainly provides the fixation of the fibres and the 
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distribution of forces [14]. Besides the distribution of the forces, in order to study the capability 
of the model in predicting the residual stresses in different layup, three different ply 
configuration was used by Ghasemi et al. [15], and there were ([0°2/ 90°2]S),([0°4/90°4]), and 
([0°/±45°/90°]S). The largest delaminated area was observed at the interface 0/90° and 0/±45° 
where Santiuste et al. [16] claimed that this laminate architecture with these interfaces should 
be avoided where the plies tend to develop larger damaged zones. 
Figure 2-1 below shows woven fabric in carbon fibre reinforced polymer (CFRP) which is 
extensively used in aerospace, automotive and civil application [17]. Vast range of applications 
are allowed due to CFRP characteristics. Comparison between the characteristic of CFRP and 
glass fibre reinforced polymer (GFRP) are shown in Table 2-2 in which mechanical properties 
of carbon fibre reinforced plastics are better than those reinforced with glass fibre [18]. The 
carbon fibre technology continues to improve the versatility of carbon fibre and new varieties 
in term of better combinations of modulus and strength [19]. Also, carbon fibre breaks without 
plastic deformation at comparatively low loads [14]. Other than that, it is interesting to know 
that carbon and aramid fibres expand in the transversal direction and shrink longitudinally, 
whereas glass fibre has a positive coefficient of expansion in longitudinal as well as transversal 
direction [14]. 
 
 
Figure 2-1.  Illustration of woven fabric in carbon fibre–reinforced polymer (CFRP) [20]. 
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Table 2-2.Characteristics and mechanical properties of work-piece [18]. 
 CFRP GFRP 
Structure Bi- directional (0°/90°) 
laminates of carbon fibre and 
epoxy matrix 
Bi- directional (0°/90°) 
laminates of glass fibre and 
epoxy matrix 
Fibre Content 60% 60 – 70% 
Temperature Resistance 115°C 180°C 
Flexural Strength 0° = 1050 MPa 
90° = 900 MPa 
approx. 350 MPa 
Flexural E-Modulus 0° = 62 GPa 
90° = 60 GPa 
approx. 22 GPa 
Tensile Strength 0° = 950 MPa 
90° = 900 MPa 
approx. 240 MPa 
Tensile E-Modulus 0° = 60 GPa 
90° = 60 GPa 
- 
Compression Strength  - approx. 500 MPa 
ILSS (ASTM D 2344) 67 MPa - 
Fracture Strain approx. 1.6-1.7%  
Density 1.56 g/cm3 2 g/cm3 
2.2 Drilling Operation for Composite Laminates 
Composite materials play an essential role in modern industries and service applications. It is 
known that optimisation of high-speed drilling of composites is an issue of significant 
economic impact [17]. Drilling is the most commonly employed operation for joining 
structures no matter small or large components [14, 21]. The recent developments of 
mechanical drilling on composite laminates, mainly including drilling operations, materials and 
drill bit geometry, drilling-induced delamination and its suppressing approaches, thrust force, 
tool wear. [22]. There is a significant difference between machining conventional metals and 
fibre reinforced polymer (FRP) materials [23]. This is because FRP materials are anisotropic 
and inhomogeneous and are mostly prepared in laminate form before undergoing the 
machining process unlike homogeneous metals, where the machining is associated with plastic 
deformation and shearing.  
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2.2.1 Materials and Types of Drill Bit 
Selection of precise tool for drilling CFRP can give a big difference in manufacturing. In which 
Poutord et al. [24] stated that major tool wear comes from machining CFRP material. 
Appropriate drill bit geometry, with a combination of suitable cutting parameters, will reduce 
the defects around the drilled hole not only correlated with the thrust force effect but also due 
to the drill geometry [25]. To achieve longer tool life, it is vital to use higher wear resistant tool 
materials and mostly recommended either diamond or carbide which the most appropriate [26]. 
High hardness so that softer materials could be cut, and also usually meant lower tool wear. 
Coated drills do not give any significant improvement in any cutting or drilling performance. 
Carbide tipped drills or coated performed better than high speed steel (HSS) [27]. Besides, 
tungsten carbide (WC) is more favourable as they are less expensive compared to 
polycrystalline diamond (PCD), which causes less damage and turn out to be more economical 
for small series of holes [28]. Superior wear resistance was shown by cemented carbide drill 
after drilling 24000 holes by producing only 147 N of thrust force [29]. On the other hand, 
PCD is an alternative tool for minimising surface roughness [23].  
The most widely and commonly used drill bit in the aircraft industry for generating holes when 
riveting and fastening structural assemblies is twist drill [30]. Hocheng and Tsao [30] 
mentioned that practical experiences prove the benefit of using such special drills as core drill, 
candle stick drill, saw drill and step drill. Moreover, the advantage of these special drills is 
illustrated mathematically as well as experimentally, that their thrust force or machinability is 
distributed toward the drill periphery instead of being concentrated at the centre. For step drill 
geometry, higher feed rates and the use of uncoated tools somehow increased tool life regarding 
the number of drilled holes, while the use of a step drill arrangement, higher feed rate and 140° 
point angle reduced the thrust force. This reduction is thought to be due to the lower chisel 
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edge/ work piece material interaction when employing the stepped drill geometry, while the 
increase in feed rate reduced the contact time between the workpiece material and cutting tool 
thus reducing abrasive action and anticipated of cutting temperature [31]. Besides that, spur 
drill allowed drilling with no delamination in both sides of the hole for a spindle speed of 6750 
rpm and a feed rate of 2025 mm/min [32]. The candle stick drill and saw drill would cause 
smaller delamination factor than twist drill proven by the industry [33]. The chosen tool for 
industrial used is 1/8” dagger drills which able to run at 10,000 rpm; 750mm/min feed after 
200 holes as the drills still performing well on a computer numerical control (CNC) controlled 
machine.  
Drill diameter is seen to make the largest contribution to the overall performance [33]. The 
increase of drill diameter increased the load applied from the tool and contact between the work 
piece and tool, which increased the delamination, whereas the increase of spindle speed soften 
the matrix material, hence the delamination is reduced [34]. Hole diameter was reduced 
considerably after drilling 1000 holes with the high-speed steel and uncoated carbide drill was 
tested. The uncoated and coated carbide drills were able to machine 10,000 holes without an 
appreciable reduction in hole diameter [35].  
2.2.1.1 Drill Bit Geometry 
Tool geometry, based on Figure 2-2 and Figure 2-3 as an example of conventional twist drill, 
must be considered in the drilling of the composite, specifically when the quality of the 
machined hole is critical for joining and assembly purposes [19]. It was once suggested by 
Rakesh et al. [36] that damage free holes can be made using modified drill geometry with 
optimum point angle is 120°, and optimum margin (diametral clearance) is zero [37]. To predict 
the performance of the cutting tools in the industrial environment, Faria et al. [29] extended 
the drilling tests (up to 24 000 holes) and the influence of changes in the geometry of the drills 
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were assessed. Durao et al. [28] found that the influence of feed rate and cutting speed were 
dependent on drill geometry. 
 
Figure 2-2. Conventional double fluted twist drill characteristics [38]. 
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Figure 2-3. Drill geometry for conventional twist drill [37]. 
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Figure 2-4. Various drill geometries used in drilling (a) standard twist drill, (b) step drill, (c) 
Brad point drill bit, (d) straight flute drill bit (dagger), (e) multifaceted drill bit and (f) core 
drill/trepanning tool [39]. 
Figure 2-4 shows different types of tool geometry influencing drilling unidirectional (UD) 
CFRP was analysed in [32]. Higher delamination located at the hole entrance is presented by 
twist drill. Similar tests were carried out on UD CFRP in [5] showing no advantage for step 
drill when compared with a commercial drill bit, which reduced the surface damage. In fact, 
torque decreased when the point angle increased from 90° to 118° and increased slightly when 
the angle changed from 118° to 140° for a new tool [40]. Abrao et al. [19] stated that the tool 
geometry related damages associated with the angle between fibres orientation and the cutting 
edges. Also found by Lazar et al. [18] where the axial feed rate and tool geometry varies the 
maximum load per ply, while the spindle speed has little or no influence. 
2.2.1.2 Cutting Mechanism of the Drilling/ Chip Removal Mechanism 
The cutting mechanism of the drill point geometries under investigation by Rakesh et al. [36] 
is substantially different, and it affects the drilling forces and subsequently the drilling-induced 
damage. Konig et al. [41] defined that the cut surface microstructure is always a function of 
the fibre orientation in the cutting area. In which, each fibre direction is cut at least twice per 
revolution when drilling directionally reinforced laminates. For twist drill (Figure 2-3), 
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according to Durao et al. [1], twist drill unique cutting mechanism can be divided into two 
mechanisms; indentation by the drill chisel edge and orthogonal cutting by the major cutting 
edges of the tool.  
Importantly, drilling process will be smooth if chips are well broken [42]. Senthil et al. [42] 
point out that most ductile materials do not break during drilling, instead of forming continuous 
chips. This is due to the material spirals up along the flute before being effectively cut. Based 
on chip forming mechanisms, continuous chips can be categorised to spiral chips and string 
chips. This action can be eliminated with the use of low feed rate. Based on Grilo et al. [31], 
two different shapes of chips were obtained; continuous/spiral chips produced from cutting the 
peel ply and discontinuous chip such as small, and powder-like chips sometimes coarse 
particularly from the CFRP laminate. 
The significant influence of the angle between the direction of cutting speed of the tool on the 
chip formation and fibre orientation is highlighted by the experimental study of the cut [43]. In 
the case of machining θ = 0°, it was noted that the dominant rupture mode was the rupture by 
compression (Figure 2-5). For fibres at θ = +45°, the chip was formed by pure laminate shearing 
(Figure 2-6), with the chips without discontinuity for low depths of cut mainly of drilling. In 
the case of machining where θ = 90°, the chip was formed by bending/shearing combination 
(Figure 2-5). Importantly, chip removal was one of the essential parameters related to the 
drilling ability evaluation and in determining optimal drilling conditions [4]. 
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Figure 2-5. Chip formation for θ= 0°(left), θ= 90° (right) [43]. 
 
Figure 2-6. Chip formation for θ= +45° (left), θ= -45° (right) [43]. 
2.2.2 Machining Parameters 
Many parameters will affect the drilling of composite material. Numbers of studies have done 
the experiments and analytical work to get quality holes. Standard parameters used in 
machining are feed rate, spindle speed and drill diameter [44]. Machining parameters, which 
are not carefully adjusted for cutting FRP, may lead to severe damage of mechanic tools. Glass 
and carbon fibres, which are highly abrasive by nature, may cause premature rounding of 
cutting edges. 
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2.2.2.1 Spindle Speed and Feed Rate 
The interaction between machining speed, tool material and feed rate are the most significant 
in controlling the level of damage during drilling process [45]. Moreover, low feed rate 
minimises the loss of mechanical strength of the drilled area [28]. To reduce the axial thrust 
force and resulting in the delamination around the hole entrance especially with no significant 
effect on cutting speed, it is recommended low feed rates for laminates drilling  [46]. Higher 
feed causes catastrophic failure for the majority of drills not only larger delamination but also 
more irregular shape of the hole circularity [30, 47]. The usage of twist drill shows where 
delamination decreased as feed rate decreased and tool rotation speed increased. Feed rate and 
tool geometry are recommendable to be wisely selected when drilling composite laminates as 
analysis of variance (ANOVA) (Taguchi method) results show that feed rate is the most 
important factor for delamination reduction, followed by tool geometry [28]. Based on Shyha 
[31], drill type and feed rates were the main contributing factors for tool life and thrust force 
while cutting speed and feed rate had the most significant effect on torque. The effect of feed 
rate is more pronounced in the case of smaller drills [37]. It is important to bear in mind that 
feed rate could be the most critical parameter if the particular material thickness is not selected 
wisely. 
High-speed drilling, on the other hand, is always preferable in machining due to its damage 
reduction capability, however, not on tool wear performances [48]. Generally, for extreme 
machining speed values, delamination will eventually increase with feed rate where feed rate 
also has a greater influence on the surface roughness followed by the cutting speed [23, 46]. 
Palanikumar et al. [49] and Rubio et al. [50] claimed that at spindle speed of 4000 and 8000 
rpm, delamination increases with feed rate. However, for the highest spindle speed (40,000 
rpm), an increase in feed rate does not result in considerable elevation of the damage. Although 
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drilling of CFRP is a challenging task, it is being performed successfully at low spindle speed 
[51]. In contrast with GFRP, Palanikumar et al. [49] realised that at high-speed machining 
wherein high-performance drilling would reduce delamination. With that, by increasing cutting 
speed will reduce machining time and hence improve productivity. 
Tool wear in this perspective mainly affected by the drilling depth and cutting speed. Tool wear 
increases significantly as cutting speed increases [48]. Figure 2-7 shows tool wear evolution as 
it can be categorised to 5 stages before the tool become worn. On the other hand, cutting forces 
are very useful for the drill wear monitoring, as these forces increase and accelerate with tool 
wear [48, 51, 52]. If the tool fails to withstand the increased of cutting forces, catastrophic tool 
failure becomes unavoidable [53]. The study of the drill forces and the study of the torque 
emphasise that CFRP is the main factor for the tool wear [24]. This is due to the nature 
(hardness) material properties of CFRP. Moreover, this wears impacts all the edges for the 
thrust force. Pressure (force) increases uniformly with the number of holes drilled all along the 
edges [24]. 
 
Figure 2-7. Tool wear evolution (1. initial wear, 2. slight wear, 3. moderate wear, 4. severe 
wear and 5. worn out) [54]. 
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Thus, variety of challenges are faced in drilling CFRP. In general, this is due to the excessive 
tool wear, while on the contrary as laminates material-related issues [24]. Venkateshwaran and 
ElayaPerumal [55] conclude that composite laminate delamination increases with increasing 
the processing parameter in which the delamination factor increases with both machining 
parameters (speed and feed). Typically, process parameters have significant influences on the 
process outputs.  
2.2.2.2 Hardenability of Tools-Work piece 
The distinct differences in hardness between fibre and matrix combined with the high cutting 
resistance of fibre result in edge chipping. If the matrix is molten due to excessive friction, it 
tends to clog as it sticks to the tool. Chip spaces are filled almost instantly by the molten resin 
in addition to short fibrous chips [14]. The thrust forces along the margin increase with the 
wear, as the “critical thrust force”. A vital force on the margin could be considered for 
modelling the entry delamination [24].  
Fibre orientation affects substantially on the hardenability and the scattering of hardness values 
in the hardenability band [56]. Ishchuk and Pugacheva [56] added that the hardenability in 
specimens with longitudinal fibres are usually higher than that of specimens with transverse 
and inclined fibres, and the width of the hardenability band is noticeably greater. Mentioned 
by Shyha et al. [47], due to the decline in drill edge sharpness, initiating an increase in thrust 
force, lead to hole edge quality tremendously deteriorated concerning increasing number of 
holes produced particularly at hole exit.  
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2.2.3 Machinability in Drilling 
2.2.3.1 Thrust Force and Torque for Drilling 
An increase in the feeding rate is known to cause an increase in both thrust force and 
delamination mainly for FRP in contrast to increasing spindle speed as thrust force decreasing 
[28, 52, 57]. The thrust force increases as the cutting tips of the drill penetrate into the material, 
remains almost constant when the tips are completely engaged in the material, as it oscillates 
due to the presence of the laminae, and drops in the last stage of drilling (Figure 2-8 and Figure 
2-9). Push-down delamination occurs at this stage [58]. Drilling parameters give great 
influence on the performance of the drilling machinability and hole quality. As the drill 
diameter gets smaller, the drilling space becomes smaller. Thus, the smaller cutting force is 
generated [57]. Thrust almost not change according to the feed or cutting speed, however, as 
the drill diameter increases; it also increases remarkably [44, 46, 57]. Based on Krishnaraj et 
al. [51], thrust force was found to decrease with an increase in spindle speed because of an 
increase in temperature with spindle speed. However, in contrast to the cutting metals and 
CFRP, thrust force increase with cutting speed [59, 60]. While the increase of drill diameter 
increases the delamination due to the increase of contact area between the workpiece and drill. 
Instead of using bigger diameter drill, it is suggested to use small diameter holes with more 
number of steps [34]. Not surprisingly, feed rate has a direct effect on thrust force as an increase 
in thrust force was recorded when feed rate was elevated [1, 46]. It is also proven that thrust 
force and torque depends on drill point angle, feed rate and drill diameter [61, 62], and thrust 
force produce by twist drill with 118° point angle is not the lowest one [25]. The average torque 
considerably increases as cutting speed increases due to tool wear [48]. Furthermore, results 
obtained agreed with industrial experience that drill allows for larger critical thrust force can 
be operated at greater feed rate without delamination damage. 
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Figure 2-8. Schematic representation of thrust force as a function of drill position [63]. 
 
Figure 2-9. Drilling stages for thrust forces (Fz) and torques (Tz). (I. Entrance, II. Drilling, 
III. Drilling & Reaming, IV. Reaming, V. Backing out) [64]. 
Senthikumar et al. [42] mentioned that larger chisel acts on the tool flank resulting in localised 
plastic deformation which attributed to higher thrust force. The distribution of the forces along 
the cutting edge denotes the importance of the chisel geometry for the total cutting forces [65]. 
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Another way of classifying machinability concerns whether it is possible to produce an 
excellent surface finish and minimise the level of residual stresses in components. Surface 
roughness plays a major role in many areas and is a factor of great importance in the evaluation 
of machining accuracy. Isibilir and Ghassemieh [60] identify the quality of the machined 
surfaces by investigating surface roughness. The result of the roughness of composite machined 
surface depends mainly on the stylus path concerning fibre direction since the main direction 
of fibres may change from layer to layer [66]. The feed rate should be kept at a low level, and 
the machining speed and depth of cut should be maintained for achieving better surface finish 
at a high level on the machined composite work piece [23]. Tsao et al. [62] and Rubio et al. 
[67] claimed that the feed rate, spindle speed and drill point angle significantly contribute the 
most to the surface roughness (Ra) response. Surface roughness decreases with the increase in 
speed and with further increase in feed the surface roughness increases for both the composite 
materials tested at 4000 rpm and 40,000 rpm, whereas they show decreasing tendency when 
the speed is at 8000 rpm [68-70]. In addition, under high-speed drilling of 40,000 rpm, the 
surface roughness seems to be less sensitive to feed-speed mainly due to the softening of the 
matrix [70]. In contrast, at low feed, total shearing of the fibres occurred, resulting in relatively 
good surface finish [69]. This behaviour suggests that the lower the thrust force, the lower the 
surface roughness [67]. Considering the value of surface roughness depending on the number 
of rotation, in all drilling processes made with drilling tools, it is observed that the value of 
surface roughness increases as the number of rotation increases [71]. The surface roughness is 
more sensitive to variations in feed at higher values of speed [68]. On the other hand, the 
measurement of surface shapes and roughness is much more difficult for FRP than for metals 
because of the inhomogeneous structure.  
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In general, the cutting forces for the machining of carbon fibre composites distinctly rise with 
feed rate, whereas no significant influence on cutting speed. Thrust and torque are thus proved 
to be a responsible parameter for delamination along with speed and feed especially for CFRP 
[52, 60, 72]. The study of the changes of drill forces and the study of the torque highlight that 
CFRP is the main factor for the drill wear. This wears impacts the thrust force [24]. The 
substance of reducing the thrust force to improve the load carrying capacity is verified by the 
high values of correlation coefficients between machinability parameters and thrust force of a 
composite structure [69]. 
2.2.3.2 Temperature Effect on Machining  
Cutting heat has long been recognised as an important factor affecting the machining process. 
With thicker work piece, higher drilling temperature take place; as drill diameter has no 
obvious effect on drilling temperature, but workpiece material has a significant impact. Feed 
and drill rotational rate have complicated impact on drilling temperature, which drilling 
temperature depends on both of cutting time and material removal rate. Usually cutting 
temperature in the drilling of thin CFRP laminates will be below 250oC, which has no notable 
effect on drills performance, but may affect drilled hole quality [27]. 
The heat distribution between the cutting tool and workpiece depends on the thermal properties 
of the materials especially when metal is implemented. For instance, titanium is poor in heat 
conductivity. A larger portion as high as 80% of the heat generated in drilling titanium will be 
absorbed by the tool. In comparison, 50% to 60% of the heat generated when drilling steel is 
absorbed by the tool. High cutting temperature is an important reason for the rapid tool wear 
commonly observed when drilling metal [6]. Drilling polymeric composite materials which 
exist in matrix leads to increase the generated temperature, due to their low coefficient of 
thermal conduction and a low transition temperature of plastics. The accumulated heat around 
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the tool edge destroys the matrix stability, produces thermal damages associated with fuzzy 
and rough cuts, and increases tool wear owing to cutting at high temperature [73]. 
Decreasing machining parameter such as feed rate will eventually decrease the maximum 
cutting temperature. Cong et al. [74] claimed that at first, the maximum cutting temperature is 
increased as tool rotation speed increased. The impact of feed rate and machining speed on 
flank surface temperatures are different. The experimental results by Chen [75] have shown 
that the flank surface temperature of a drill increases with increasing machining speed but 
decreasing feed rate. Commonly, when workpiece thickness increases, the surface roughness 
increases; naturally, drilling becomes challenging, and tool heat increases as well [71]. The 
accumulated heat around the tool edge deteriorates the heat affected zone of the machined hole 
resulting in low bearing strength [69]. 
The most recognised factor affecting machining quality of drilling CFRP is cutting (drilling) 
heat due to increase of temperature hence, decreased the stiffness of the material [76]. About 
90% of the work of plastic deformation is converted into heat during the drilling process, 
producing very high temperatures in the deformation zones and the surrounding regions of the 
interfaces between the chip, tool and workpiece due to higher friction [6, 42]. Wong et al. [76] 
predicted that critical material temperature of damage-free is 186°C where the failure modes 
of the machined surface changes as temperature increases from dominant matrix failure to 
interface dominant failure. 
Agapiau [77] claimed that helix and point angles have the greatest influence on drill 
temperatures. Increasing the helix angle reduces computed drill temperatures. This would be 
expected since this increases the rake angle and hence reduces drilling torque. Furthermore, 
chip thickness is independent of the rake angle, so that increasing the rake angle also increases 
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the shear angle and the proportion of heat entering the tool. Increasing the point angle, on the 
other hand, significantly increases temperatures across the entire process. 
Thus, measuring temperature in machining process is an essential issue in determining the tool 
life, surface quality, work piece deflection, and machining parameters such as the machining 
speed and feed rate [78]. The temperature distribution and cutting temperature along the rake 
face of cutting tool and work-piece is an essential factor in the study of machining processes 
due to its effect on surface quality, tool life, tolerances, metallurgical behaviour and chip-
removing rate [79].  
2.2.4 Quantification of Surface Quality and Integrity Evaluation in 
Drilling 
Yahiaoui et al. [80] clarifies that quality can be defined by two main parameters: wear rate and 
material removal performance. Feed rate and prepreg had the most significant effect on first 
hole entry. On the other hand, prepreg type, feed rate and interaction between prepreg-feed rate 
were the main contributing factors for the corresponding hole exit [47]. Generally, the edge 
quality at the hole entrance is better than at the hole exit where the quality at the hole entrance 
also subjected to the feed rate, speed, and the flute length of the drill [65, 81]. The behaviour 
of the machine tool, the misalignment of the axes as well as the rigidity is necessary for quality 
criterion [41]. The main problem of drilling FRP is the quality achieved at the tool edges [14]. 
Therefore the width of the damaged zone on that edge and the surface roughness are the best 
indicators for the drilling result. The quality and the variation of the measured values 
particularly for surface roughness are highly dependent on fibre orientation [14].  
The life of an assembly and especially joint areas are critically affected by the quality of the 
drilled holes. To assemble different components requires drilling. However, this can lead to 
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various forms of damage, such as delamination [28]. Delamination significantly depends on 
thrust forces. High-speed cutting is preferable due to damage reduction at the entrance of hole 
and combination of point angle, and low feed rate is also crucial in minimising delamination 
during drilling of CFRP composite [27]. Overall, high feed rate will cause a crack around the 
exit edge of the hole. Krishnaraj et al. [51] emphasised that there was a steady increase in the 
delamination factor after 120 holes even no significant delamination could be observed till 30 
holes. Lin and Chen [82] presumes that although tools are worn out quickly, thrust force 
drastically increases as cutting speed increased, an acceptable hole entry and exit quality is 
maintained. Relatively, the small feed rate is used to achieve acceptable results. It was noticed 
more severe delamination occurred in drilling test under cryogenic cooling condition. In 
addition, surface roughness using cold air (cryogenic) was usually higher than using cutting 
fluid [74]. By using cold air, higher ultrasonic power generated, lower tool rotation speed and 
higher feed rate could lead to more severe burning of the machined surface. In contrast, no 
burning of machined surface was observed using cutting fluid [74]. 
2.2.4.1 Damage on Work piece as Reflection on Quality 
Abrao et al. [19] say the best hole quality represents minimal damage to the machined tool and 
satisfactory machined surface (workpiece). In particular for the automotive and aerospace 
industries, when holes are produced on CFRP laminates, special attention should be considered 
as the machining parameters influencing the damage [50]. Numerous forms of internal hole 
defects such as internal cracks, porosity (due to the absence of matrix material between layers), 
fibre or matrix cracking and resin loss were observed from test outset due to the fibrous nature 
of the workpiece material and the differences in thermal properties between fibres and matrix 
material [31]. 
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Taking into account the damaged area in the delamination factor allows a better visualisation 
of the variations in the damage extension after drilling composite materials [83]. The most 
common damages show in Figure 2-10 are delamination and fibre pullout [28]. Nondestructive 
technique usually used to quantify the delamination is based on delamination factor [32]. Two 
main parameters that contribute to delamination are thrust and torque [52]. Abrao et al. [19] 
adds that because drilling is typically a final operation in which delamination is responsible for 
the rejection of approximately 60% of the components produced in the aircraft industry. The 
damage mostly occurs as delamination, but may sometimes be accompanied by fibre breaks in 
back plies which are not visible from outside. In general, by minimising the thrust forces 
exerted by the drill chisel edge can reduce delamination [28]. Reduce in thrust force can obtain 
delamination free holes in drilling [28, 30].  
Two different mechanisms are usually referred to peel-up and push-down shows in Figures 2-
11 (a) and (b), respectively. The former is a result of the drill entering the upper plies of the 
plate, and the cutting edge of the drill abrades the laminate while the latter is an outcome of the 
indentation effect triggered by the quasi-stationary drill chisel edge, acting on the uncut plies 
of the laminate. High thrust force, quantifiable during the drilling process, exerted by the drill 
on the uncut plies of the plate is the reason for this damage mechanism [28]. It is observed that 
the delamination on drilled holes increased with high drilling speed and feed rate as well as 
drill diameter [81, 84, 85]. 
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Figure 2-10. Schematic representation of conventional drilling induced damage                          
and defects [63]. 
 
Figure 2-11. Delamination mechanism (a) peel-up; (b) push-down [28, 63]. 
Point angle has a significant influence on the delamination factor Fd, on drill hole qualities at 
the entrance but poorer at the hole exit [59, 81]. It is also recommended by Kilickap [86] that 
instead of using the drills with 118° and 135° point angles, the drill with 90° point angle are 
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preferred for reducing the delamination factor even though twist drill with 118° point angle 
turned out to give better results in terms of delamination minimization especially at hole 
entrance and exit [25, 87]. Other than point angle of the drill bit, type of drill bit may cause 
lower delamination factor compared to solid drills (Twist and Jo drill), which may be attributed 
to the difference in basic cutting mechanism [36]. 
Drilling speed is the factor that has the greatest influence on the delamination factor (39.5%), 
followed by flute length (34%) and feed rate (24.1%) [52]. Interaction factors, for example, 
drilling speed/feed rate (1.3%), drilling speed/flute length (0.1%), and feed rate/flute length 
(0.2%), are of no physical significance to the interactions analysed for the drilling operation 
[52]. Also, the feed rate influences the push-down and peel-up delamination next to the material 
thickness [52]. In addition, Bosco et al. [34] suggested that backup plate is important to lessen 
the damage while drilling composite materials. By slowing down the feed rate, delamination 
can be effectively reduced or eliminated when approaching the exit and by using backing plates 
to support and counteract the deflection of the composite laminate leading to exit side 
delamination [27]. 
2.2.4.2 The Failure Modes 
Three factors responsible for the failure modes claimed by [76] are: the friction between fibre-
matrix, the temperature stability of matrix chemical bond and the temperature stability of 
interfacial bond. With increasing material temperature, the variation of the three factors induces 
that the failure mode changes from dominant matrix failure to dominant interface failure. 
Figure 2-12 below shows different defects affecting hole quality caused by drilling leading to 
composite failure. 
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Figure 2-12. Different defects related to hole quality found after drilling. (a) fraying; (b) 
chipping; (c) spalling; and (d) fuzzing [32, 40]. 
Poutord et al. [24] concluded that with the knowledge of the cutting forces and the wear 
phenomenon is necessary to assure the hole quality. Also, with [24] results indicate that a 
combination of higher speed, low feed, and point angle is necessary to minimise the 
delamination factor in the drilling of CFRP as the hole quality stays almost unaffected. It is 
identified that a spindle speed of 3000 rpm, point angle of 100° and a feed rate of 100 mm/min 
is the optimal combination of drilling parameters that produced a significant improvement in 
the production of quality holes in the drilling of CFRP composites [88]. 
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2.3 Orthogonal Cutting on CFRP 
The smaller the depth of cut (DOC), the more important tool sharpness becomes. Orthogonal 
cutting refers to the cutting process in which the tool edge is perpendicular to the direction of 
tool travel. Although it is uncommon in the conventional industrial machining process, the 
operation provides an essential understanding of the deformation mechanism of machined 
CFRP [75]. Chen [75] claimed that fibre orientation and DOC have a strong influence on the 
chip formation mechanism and chip morphology where chips are produced as powder-like or 
ribbon-like hence become blocky with increasing DOC.  
2.3.1 Cutting Force and Thrust Force 
Cutting force and thrust force are the fundamental forces in machining. In short, as illustrated 
in Figure 2-13 (a) below, the cutting tool has two surfaces. The surface against which the chip 
flows is the rake face of the tool, and the angle between the rake face and the direction of the 
cutting depth is called the tool rake angle, α. The surface close to the cut surface of the 
workpiece is the flank face, and the angle between the flank and the workpiece is called the 
tool relief/clearance angle, η. Fc is denoted as horizontal or cutting force, and Ft is known as 
vertical or thrust force (Figure 2-13 (b)). Realistically, until today, the mystery has not been 
solved regarding the generation of high thrust force during cutting of CFRP composite. None 
of the studies proved the actual cause of the large thrust force other than bouncing back 
phenomena which will be elaborated in this research. 
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Figure 2-13 (a-b). Schematic representation of parameters involved in orthogonal cutting 
process [89]. 
 
(a) 
(b) 
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2.3.2 Bouncing Back Phenomena 
Bouncing back is defines as uncut fibres bounce back after cutting tool passed through. 
Bouncing back phenomena is one of the factors affecting on the cutting force and thrust force. 
It has always been found that the real DOC and a nominal DOC are very different in cutting 
FRP. Due to the bouncing back, the vertical (thrust) cutting force increases with the increases 
of the DOC. Based on Wang and Zhang [90], when the nominal DOC reaches a certain value, 
the magnitude of the bouncing back does not change much further. As a result, increasing rate 
of the normal cutting force becomes smaller. Influence of cutting force is not as strong as the 
influence of thrust force, although the effect is still clear. Figure 2-14 below shows the cutting 
behaviour at different fibre orientations that could create fibre bouncing phenomena. All these 
behaviours indicate that the bouncing back is a key factor contributes to the generation of high 
cutting forces.  
 
Figure 2-14. Schematic of major sectors of fibre-cutting edge interaction angles and cutting 
mechanisms (adapted from [91]) 
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2.3.3 Mode I Fracture Toughness on Machining 
Woven CFRP exhibit higher strength-to-weight ratio and higher fracture toughness than UD 
composites [26]. To date, most of the efforts targeted at measuring intra-laminar toughness has 
been focused on the mode I loading. Intra-laminar mode I fracture toughness GIC-intra has been 
measured for UD polymer matrix composite (PMC) systems including carbon/epoxies, 
glass/epoxies and carbon/thermoplastics. Besides that, it has been agreed by [92] that intra-
laminar fracture characterisation is not so well studied owing to some experimental difficulties, 
namely typical extensive fibre bridging. It was found that the intra-laminar fracture toughness 
without bridging fibres had a constant crack propagation, but it increased substantially when 
bridging fibres are present. An impressive result is displayed by [83, 93, 94] as they modelled 
the R-curves of mode I intra-laminar crack growth in composites using measured bridging 
laws. Harris et al. [95] have pointed out that the toughness of GFRP can be as high as 100 KJm-
2
. 
There is the difference between inter-laminar and intra-laminar cracks in which inter-laminar 
is between ply, and intra-laminar is between fibres. As defined by [86, 96], an inter-laminar 
crack or delamination is a discontinuity in the x-y plane between two adjacent plies of a 
laminate while an intra-laminar crack is a discontinuity in the y-z plane, which propagate 
through the entire laminate thickness in the direction parallel to the fibre direction. The values 
of intra-laminar fracture energy were remarkably higher than the inter-laminar, which more 
pronounced by bridging influence, owing to smaller specimen width and some difficulties 
associated with fibre cutting [86]. However, proved by [86], intra-laminar R-curves showed an 
intrinsic toughness without fibre bridging effects, which is similar to inter-laminar toughness. 
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2.4 Tool Wear and Tool Life 
Wear is defined as removal of the material from the surface of a solid body as a result of the 
mechanical action of the counter body [42]. Wear takes place as combination effects of various 
physical and chemical processes proceeding during the friction between two counteracting 
materials such as micro-cutting, micro-ploughing, plastic deformation, cracking, fracture, 
welding, melting and chemical interaction [42]. A significant amount of tool wear appears as 
the temperature increased at the drill bit [97]. 
Tool wear after 1000 of holes drilled resulted in sharpness loss and reduction in the diameter 
of the drills. Abrasion is believed to be the principal of wear mechanism that involved and 
being responsible for the deterioration of the cutting edge. For example, high speed steel (HSS), 
after 1000 holes, the removal of the TiN film from the coated tool after 10,000 holes and the 
reduction in the diameter and tool tip angle of the uncoated carbide tool after 24,000 holes [17, 
29, 35]. Additionally, Cong et al. [74] mentioned that tool wear when using cold air, or 
cryogenic condition was more severe than when using cutting fluid. 
Drill point angle influenced thrust force when it was combined with the effect of wear 
progression [40]. However, new tools show the negligible impact of the drill point angle on 
thrust force. This fact is important for drill geometry selection since the evolution of wear could 
lead to unacceptable levels of thrust force. Different effect of wear progression on delamination 
is observed at the entry and exit hole. While hole entry delamination diminished with wear 
progression, hole exit delamination was enhanced. The level of wear is determined by the value 
corresponding to the end of tool life based on [40].  
As a result, tool life, which is a direct function of tool wear, is best determined by monitoring 
thrust force. Also, machining fibre reinforced plastic laminates are usually associated with a 
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high rate of tool wear, due to the high abrasiveness of the reinforcing fibre. With this, total 
operation time increases due to frequent tool replacement. Therefore, there is a need for high-
quality holes in composite materials, which requires knowledge of the materials, operations, 
and tools involved [25]. On the other hand, tool coatings have shown that improvements 
concerning the wear behaviour of tools which are mainly dependent on tool geometry and 
machining parameters [98]. 
 2.4.1 Tool Wear Mechanism 
When machining non-homogeneous materials, tools may wear more at some positions along 
an edge than at others where the density varies considerably through the thickness. A work 
piece material that causes relatively rapid tool wear is said to have bad machinability. Drill 
type and feed rate were also factors contributing to tool life and thrust force while cutting speed 
and feed rate had the most significant effect on torque. It was found that the crossed influence 
of the point angle and wear were important to the thrust force [40]. 
Tool material, tool wear, and machining parameters drastically affect the quality of holes 
produced in composites and, therefore, the performance of the surface finished [35]. 
Significantly, tool wear is the major constraint for using carbide tool to cut CFRP composite 
materials at high speed. However, by optimising the tool better wear behaviour is shown [26, 
48]. Teti [26] claimed that carbide tools, coated carbide tools and PCD tools yield good results 
regarding tool wear and tool life during machining of CFRP, although the wear for these tool 
materials is considerably different. Fuh and Chen [99] mentioned that conventional twist drill 
wore at the fastest rate before the drill blunted compared to thick web drill with various types 
of cutting edges.  
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There are various forms of wear on a drill bit such as flank wear, crater wear, chisel edge wear 
and chipping [42]. Figure 2-15 shows edge geometry of different type of wear. Friction 
between the newly machined work-piece surface and the contact area on the tool flank causing 
flank wear on the cutting tool [42]. The higher contact stress between the tool rake face and the 
chip causes severe friction between the flank and the machined surface, as well as friction at 
the rake face. The result is, a variety of wear types can be observed at the rake face and the 
flank face. Tool wear phenomena involve crater wear, flank wear, notch wear, chipping and 
ultimate failure. Flank wear and chipping will increase friction. Therefore, the total cutting 
force will increase. Surface roughness will increase critically when tool chipping occurs. Bosco 
et al. [34] claimed that drilling composites and titanium stacks lead to carbide drills produced 
smallest burrs, and negligible damage to the hole compared to HSS drill bit. 
 
Figure 2-15. Edge geometry of the uncoated helicoidal carbide drills: (a) new tool; (b) flank 
wear; and (c) honed edge [40].  
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2.4.2 Definition of Sharpness and Bluntness 
The sharpness of tools is critical in guillotining and punching of ductile materials, not only 
determining load levels but also controlling the direction of the paths along which separation 
occurs and therefore the quality of the cut edge. The smaller the DOC, the more significant 
sharpness becomes. The maximum sharpness of a cutter is obtained from all the following three 
factors [10]: i) a small included angle for the edge (include an angle of the wedge); ii) a small 
tip radius, and iii) a thin blade. Furthermore, one way of looking at sharpness is to ignore the 
geometrical consideration. For example, for a given set-up, sharpness is related to the force to 
perform the cut, the greater the force, the duller the blade, the smaller the force, the sharper. 
2.5 Finite Element Analysis 
Experimental investigations can give a quantitative evaluation on drilling quality after drilling 
(machining). However, it can not provide an insight into damage evolution on composites 
during drilling. Finite element (FE) modelling may be the most efficient method to unveil the 
damage evolution in composites during drilling. Several FE models [13, 100-104] have been 
developed, in an attempt to understand the failure mechanisms when drilling composite 
laminates. For instance, Durao et al. [100] developed an FE model incorporating a cohesive 
damage model to predict drilling-induced delamination area and thrust force in a composite 
laminate. Isbilir et al. [101] proposed a 3D FE model considering intra-laminar and inter-
laminar failures of CFRP laminates. FE model presented by Phadnis et al. [13] were established 
based on Hashin’s criteria for failure in fibres and Puck’s criteria for failure in epoxy matrices. 
The cohesive elements were used to simulate the delamination failure between plies. To date, 
most FE models have focused on drilling of composite laminates using a twist drill [1, 93-97]. 
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2.6 An Outlook on Achieving Excellent Drilling Quality with 
Minimal Failure on CFRP 
Any machining and manufacturing process will have its drawbacks. Without exception, drilling 
composite laminates associated with major delamination issues. Delamination cause reduction 
of the structural integrity of the material hence leads to poor assembly tolerances and also has 
the potential for long-term performance deterioration [49]. The damage that occurs the most is 
delamination. However, it will always be accompanied by fibre breakage in back plies which 
are not visible from outside [67]. In general, high speed and low drilling feed rate are suggested 
for the production of delamination free and good surface finish holes in composites [27, 49]. 
Few steps below should be taken into consideration for an excellent achievement on drilling 
quality. 
• Developing machining charts that enable selecting the suitable cutting conditions for 
damage-free in drilling composite materials. Till now, there is no machining chart 
developed that covers various types of polymeric composite materials compared with 
metallic materials. 
• An investigation on the internal surface, linked with the tool wear and the forces 
evolutions to assure a high quality of hole. 
• Intra-drill analysis (focusing on the hollow drills) can be attempted for optimising the 
various tool angles of the hollow drills for specific composite materials such as carbon 
fibre reinforced plastics or Kevlar fibre reinforced plastics. 
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Drilling Mechanisms of CFRP Composite 
Laminates 
 
Introducing circular holes in carbon fibre reinforced polymer (CFRP) laminates by drilling is 
a typical process involved in the making of composite airframes. Drilling is a complicated 
process, owing to the heterogeneity of materials and the configuration, sharpness of tools, feed 
rate of drills, and to the fact that reinforcements and debris are very abrasive. Assessment of 
the integrity of holes and tool life are the critical examination in development of drilling 
performance as CFRP laminates are prone to drilling-induced damage in the form of 
delamination and edge chipping. A conventional twist drill is no longer mostly focused as 
different configurations of drill bits have been developed for practical use. In this chapter, 
drilling performance and integrity of circular holes in CFRP laminates are investigated. Three 
different configurations of drills are used, namely dagger drill, drill reamer, and twist carbide 
drill, employing drilling speeds of 500, 1000, and 2000 rpm with various backing supports. 
Output responses including thrust force and torque, were measured. Quantification of the 
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quality of drilled holes was accomplished by evaluating surface roughness, heat distribution, 
roundness, chip size, and roundness factor defining delamination at the hole edge. This 
provides some guidelines for a controlled machining parameters and introducing standard 
practical operation.    
3.1 Experimental Details 
3.1.1 Drilling Operation  
The CFRP laminate used in this study is fabricated by Composites Technology Research 
Malaysia Sdn. Bhd (CTRM) and supplied to Spirit Aerosystem Malaysia for parts assembly. 
The laminates were taken from part of an aircraft wing panel of a commercial aircraft. The 
material used was carbon fibre epoxy prepreg (FIBREDUX 6268C-833-45) and cured using 
an autoclave at 120°C for 2 hours.  The approximate 4 mm thick laminate consisted of 26 layers 
of unidirectional (UD) carbon fibre with each ply thickness of 0.125 mm and fibre orientation 
of [±45/902/0/90/0/90/0/±452]s. Woven fibreglass was used for the outer layer of the carbon 
fibre and a thin layer of coating for metal joining and prevention of galvanic corrosion.  
The drilling process was carried out using a typical pedastrial milling/drilling machine (Hare 
and Forbes Hafco Metalmaster HM40). The GT50 dagger drill, GT15 drill reamer, and twist 
drill were used in this study as shown in Figure 3-1. Drill bit geometry is tabulated in Table 3-
1 below and geometry notation as in Figure 3-2. Solid carbide tools exactly as employed in the 
aerospace industry approximately 5 mm in diameter were supplied by Gantrack Asia and 
Sutton Tools by All Cutters. The drilling process was performed by dry machining at room 
temperature. The drilling fixture was placed on top of a 2-axis adjustable stand. The 
experimental fixture was mounted with a KISTLER 9257B dynamometer and a charged 
amplifier type 5070A with Kistler DynoWare data acquisition and evaluation software for 
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thrust force and torque measurement. A Micro-Epsilon TIM 160/DK thermocamera with 
measurement capability ranging from -20°C to 900°C was attached to the containment box to 
capture thermography images of heat distribution during the drilling process. Specifically, heat 
detection is recognised at four different locations for partial support and no support drilling 
conditions. The composite laminate was drilled at a constant feed rate of 50 mm/min and 
spindle speeds of 500, 1000, and 2000 revolution per minute (rpm) respectively. The composite 
laminate was supported by three different types of backing plate as in Figure 3-3, described as 
a solid wood backing plate (full support), solid wood with a pre-drilled hole (partial support), 
and a hollow square of wood (no support). The specimen was attached to the support plate by 
clamps to reduce exit delamination.  
 
(a) 
Figure 3-1. (a) Types of the drill bit, from top to bottom, GT15 drill reamer, GT50 dagger 
drill, and twist drill. 
 
 
10 mm 
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(b)  
Figure 3-1. (b) Blue print drawing of drill bits, from left to right, GT50 dagger drill, GT15 
drill reamer, and twist drill. 
Table 3-1. Drill bit geometry for reamer drill, dagger drill and twist drill. 
Geometry 
Types of Drill Bit 
Reamer Dagger Twist 
Point Angle 110° 30° 140° 
Helix Angle Straight flute - 26° 
Clearance 
Angle 
12.8° - 10° 
 
 
Figure 3-2. Schematic diagram of drill bit fundamental geometry (Courtesy of AirBus UK). 
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Figure 3-3. Types of backing plates, from left to right, full support, no support, and partial 
support. 
Carbon fibre dust is harmful [105]. Therefore, a containment box was designed as a safety 
precaution so that the dust produced during drilling could be collected. Excessive dust would 
not disperse and can be removed by vacuum. The chips produced were collected and retained 
in an air-tight box for particle size analysis. Then, a drilled hole specimen was cut into the 
cross-section, and surface roughness analysis was carried out using a surface profilometer. The 
morphology of the machined surface was observed using a digital microscope (Leica 
DWinPlus). From each microstructure image, a roundness damage factor was determined. 
3.2 Results and Discussion 
3.2.1 Materials Characterization 
Identification of fibre orientation was carried out using the digital microscope. The fibre 
volume fraction for this workpiece is 0.81. Glass fibre diameter used for the laminate is 4.5 
µm, and carbon fibre is approximately 7.0 µm. In Figure 3-4, the presence of metallic particles 
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in the coating material captured by scanning electron microscope (SEM) is evident to the 
machinability outcomes. Element of metal consists in the coating material is tabulated in Table 
3-2. Such elements are crucial in the coating material to protect against lightning strikes and 
galvanic corrosion.   
 
Figure 3-4. Microstructure of fibre orientation of CFRP laminate under an optical digital 
microscope and SEM. 
Table 3-2. Identification of different metallic element in the coating material of the laminate.  
Element Apparent 
Concentration 
Wt % 
C 38.91 25.64 
O - 69.95 
Al 0.45 0.19 
Si 0.92 0.31 
S 1.75 0.47 
Ca 0.65 0.16 
Ti 0.52 0.15 
Cr 0.19 0.05 
Sr 0.57 0.17 
Ag 11.76 2.91 
Total:  100.00 
 
100 µm 
Coating 
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To measure the small-scale mechanical properties such as the hardness of the CFRP, 
nanoindentation tests were performed. With nanoindentation, it is possible to record small 
loads and displacements with high accuracy and precision. The indenter used for the instrument 
was a Berkovich 3-sided indenter with 3 mN of applied load and result shows in Figure 3-5. 
Figure 3-6 shows hardness and distance of cross-sectional plots for the laminates. It shows the 
hardness value for each layer in the composite laminates.   
As the load applied, the depth of penetration is evaluated. The depth of the indentation and the 
known angle or radius of the indenter is used to determine the area of contact at full load. From 
Figure 3-5 below, the shape of the unloading curve provides a measurement of elastic modulus. 
In which deformation upon unloading is purely elastic. The hardest material is woven glass 
fibre of 4 GPa, and the softest is the coating material of 0.5 GPa. Variation of the hardness is 
illustrated in Figure 3-6. On the other hand, surface roughness plays a significant effect on 
measuring the mechanical properties in which by using larger indenter size at which the 
influence of the surface roughness can be negligible. 
 
Figure 3-5. Typical nanoindentation loading-unloading curve obtained from the 
nanoindentation test with 3 mN of applied load.  
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Figure 3-6. Hardness plot versus displacement for each layer consists in the laminates. 
3.2.1.1 Dynamic Mechanical Analysis 
Dynamic mechanical analysis (DMA) is used to characterise material properties as a function 
of time, atmosphere, temperature, stress, frequency, or a combination of these parameters. 
Sample size is 64 x 11 x 4 mm. From the tan δ curve in Figure 3-7, it can be seen that the glass 
transition temperature for the laminate is 225°C. Storage modulus of CFRP laminates can go 
up to 15 GPa from the beginning of low temperature and loss of strength when the temperature 
is increasing. The curve also shows that the laminates possess good impact strength. 
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Figure 3-7. DMA plot for CFRP laminate using DMA tester. 
3.2.1.2 Three Point Bending Test 
Bending strength equals to ultimate bending strength which is the maximum strength a material 
can withstand before breaking. When applied stress is lower than the yield strength, the 
deformation will always elastics. Yield strength is always less than the ultimate bending 
strength. This means any breaking effect occurs after plastic deformation. Ultimate bending 
strength is the strength where the breaking effect begins. Yield strength is defined as the 
strength where the deformation turns from an elastic deformation to a plastic deformation. 
There is a minimal amount of plastic deformation when the amount of stress reaches the yield 
strength due to the measuring threshold value. Figure 3-8 below shows ultimate yield strength 
reading for CFRP laminate. 
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Figure 3-8. Typical flexural curve of the CFRP laminate from three point bending test. 
From the experiment, it shows that breaking compressive displacement is lower than maximum 
compressive displacement. This means the specimen did not experience maximum 
compressive displacement before breaking at lower compressive displacement.   On the other 
hand, break compressive load of 1020 (±225) N is needed to break the specimen at the 
compressive displacement of 3.1 mm which is lower than maximum compressive displacement 
achieved at 3.2 mm. Yield compressive load is 1443 (±73) N. It is believed that the specimen 
undergoes plastic deformation before it breaks. This is due to the nature of the elasticity of the 
material, in which it will experience elastic deformation before plastic deformation and then 
material failure/fracture. The flexural modulus is also known as flexural rigidity obtained for 
the composite laminate based on the three point bending test was 73 (±4) GPa. 
3.2.2 Influence of Thrust Force and Torque on Drilling 
Thrust force and torque are significant outcomes produced during machining, especially 
drilling. The thrust force is defined as the force generated during penetration in the drilling 
process. As drilling is a rotational movement, torque is produced. The thrust force and torque 
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during drilling are key indices for describing the machinability of composite laminates, and 
machinability directly affects the quality of drilled holes [22]. Figure 3-9 shows the peak thrust 
force plot versus cutting depth from the experiment with three different types of backing 
support (full, partial, and no support).   
                                    
                                              
 
Figure 3-9. Thrust force versus depth at a feeding rate of 50 mm/min with (a-b) full support, 
(c-d) partial support, and (e) no support. 
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(a)                                                              (b) 
 
(c) 
Figure 3-10. Torque versus speed for different tool types with (a) full support, (b) partial 
backing support, and (c) no support. 
Generally, during the drilling process, the chisel/cutting edges penetrate into the laminates 
before the drill feed forward. Initially, the thrust force is relatively small, and the torque is close 
to zero. As the feed is increased (penetrating through thickness) than the tip height, the outer 
part of the arc lip region of tool begins to cut the laminate, and the thrust force and torque 
increase drastically during initial penetration. The lowest thrust force obtained from the 
experiment with full backing support was 13.7 N for dagger, in comparison to those of no 
support 14.9 N for dagger and of partial support 10.5 N for reamer. It was claimed that thrust 
force supposed not to be influenced by any particular back supports [62, 106]. However, in this 
study, the minor evident is observed. It is evident that thrust force decreased with increased 
spindle speed for any drill bit and back support. It is obvious that the reamer drill is stable with 
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partial support as it gives lowest thrust force compared to the other drills at any spindle speed. 
Figure 3-9 (b, d and e) also illustrate that twist drill producing highest thrust force at 2000 rpm 
with all of the back support conditions. It is proven from the figure above that twist drill is not 
suitable to be used at higher spindle speed. However, it seems like twist drill is stable to be 
used for lower spindle speed with full support backing plate instead. This is firmly believed 
that the geometry of twist drill gives a steady grip to the workpiece. With the trend of thrust 
force demonstrated in Figure 3-9, it shows the relationship between the drilling process and 
penetration of the composite material. The thrust force is particularly higher at the first 1 mm 
of the workpiece thickness. This is due to the combination of the coating material, glass fibre 
and carbon fibre. The hardness of woven glass fibre is 4 GPa (Figure 3-6). Therefore an abrupt 
peak thrust force is obtained at that specific layer. Additionally, a negative value of thrust forces 
indicates a pulling force exerted by the tools [90]. The quality of the machined workpiece, 
including the surface roughness and subsurface damage, deteriorates when this occurs.  
The same trend is observed from Figure 3-9, as the peak torque was obtained during penetration 
of the uppermost layer of the workpiece. A high thrust force produced lead to greater rotational 
force or torque, as supported by the results shown in Figure 3-9. This is because the first 
penetration required major thrust force and torque. Moreover, at 500 rpm, a higher amount of 
torque was generated due to extreme vibration during rotational motion. A noticeable result is 
shown where dagger drill exhibits the highest torque at all speed due to geometry. To be 
specific, Figure 3-10 (c), due to unstable operation during drilling, drilling with no backing 
plate support was carried out only at 2000 rpm. Also that is the maximum speed pedastrial 
drilling machine able to produce. Extreme vibration will occur as drilling at low speed without 
any back support. This due to drilling at low speed, greater force is needed during penetration 
to begin the pilot hole.  
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Different backing plate conditions yield different results for torque. Torque is generally linearly 
proportionate to the thrust forces. Twist drill produced the least torque at high drilling speed 
with full support backing plate. Drilling conditions other than the full support provided steady 
torque results that are proportional to thrust force. Similarly, the torque produced during 
penetration of the bottom layer is higher than that produced during penetration of the uppermost 
layer during higher thrust force. That result is attributable to the tremendous amount of 
rotational motion towards the end of the drilling process. Furthermore, flute clogging, 
especially with the drill reamer and twist drill with a fluted design, caused an abrupt increase 
in torque and thrust. When a small thrust force is produced, friction between tool and workpiece 
is low, therefore the heat produced during the contact is reduced compared to when larger thrust 
force generated.  
3.2.3 Surface Roughness of Drilled Hole Wall 
The surface roughness, Ra of the machined hole wall was measured in order to analyse the 
quality of the surface finish. Surface roughness is defined as smoothness of the inner drilled 
hole wall after drilling. The surface roughness of the machined area can affect several of the 
product’s functional attributes, such as light reflection, surface friction, heat distribution, 
wearing of tools, and ability to retain a coating and fatigue resistance [107]. Fibre orientation 
has a strong influence on post-drilling surface roughness. Surface roughness measurements are 
taken using a surface profilometer and scanned surface as shown in Figure 3-11, and the 
readings were linked via the RS232 controller. Ra is expressed by the following mathematical 
relationship [108]:  
 =	  	 |	|
  (3.1) 
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where h is the thickness of the laminate, z is the height of the surface measured above the mean 
level. 
 
 
Figure 3-11. Schematic diagram of the drilled hole cross-section laminate for               
surface laser using Profilometer [63].   
The roughness is characterised by information on heights normal to the mean plane of the 
surface together with some knowledge of the wavelength or spatial distribution within the 
surface. The use of the full support backing plate clearly illustrates in Table 3-3 that the dagger 
and reamer drill produced a fine finish on the surface drilled hole that can be categorised as 
finest level of polishing. In fact, the dagger drill can be classified as superfinishing, with 0.4 
µm of roughness. Table 3-3 shows the surface roughness obtained from the drilling process 
with full backing support at 2000 rpm was 0.4 µm for dagger drill, 0.6 µm for drill reamer, and 
1.3 µm for twist drill. Surface roughness for drilling process with no support was 1.3 µm for 
dagger drill, 2.4 µm for drill reamer, and 1.0 µm for twist drill. The results for drilling with 
partial backing support is tabulated in Table 3-4. Results obtained for Ra value ranges between 
1 µm and 3 µm, typically described as fine machining finishing. Twist drill at the lowest speed 
of 500 rpm resulted in the rough machining, falling between 3 µm and 10 µm in typical Ra 
readings. Figure 3-12 shows a comparison of surface patterns for the roughest (twist drill at 
500 rpm) and the finest (drill reamer at 1000 rpm) surface concerning fibre orientation. 
Roughness at the top and bottom laminate surface are at peak due to the hardness of the coating 
material and woven glass fibre. High thrust force leads to harsh surface roughness. High 
Laser Surface 
Left Right 
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pressure generated from the high thrust force causing greater friction leading to surface 
damages and become rough. Also, twist drill experienced higher roughness when drilling at 
±45° fibre orientation. The interface of the drill bit and the workpiece create greater friction 
and again leading to higher roughness. 
Table 3-3. Surface roughness of hole wall for drilling with full support and no support 
backing plate. 
 
  
 
 
   
 
 
Table 3-4. Surface roughness of hole wall for drilling with partial support backing plate.  
             Surface roughness, Ra [µm]    
Speed Partial Support 
RPM Dagger Reamer Twist 
500 2.4 2.2 6.1 
1000 1.7 1.7 2.1 
2000 2.0 2.0 2.1 
 
 
Figure 3-12. Comparison of the surface topography of drilled hole wall by drill reamer at 
1000 rpm (R1000) and twist drill at 500 rpm (T500). 
Drill Bit/ 
2000 RPM 
Surface Roughness, Ra [µm] 
Full Support No Support 
Dagger 0.4 1.3 
Reamer 0.6 2.4 
Twist 1.3 1.0 
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    (a) 
                  
                (b) 
                   
   (c)  
Figure 3-13 (a-c). Cutting edge (refer Figure 3-11) of the cross-section drilled hole 
workpiece under microstructure using digital microscope at the bottom surface of hole wall 
on left and right edges. (a) Twist drill, (b) Dagger drill, and (c) Drill reamer. 
Matrix cracking 
Delamination 
100 µm 
100 µm 
100 µm 
Left 
Left Right 
Right 
Left Right 
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Examination of cross-sectional micrographs after the surface roughness examination showed 
that the damage mechanisms, as well as the depth of the surface damage, were strongly 
dependent on the fibre orientation of the laminates [109]. Abrasive drilling did not cause much 
fibre bending. Fibres did not fracture by cutting but delaminate at the fibre/matrix interfaces to 
create a rougher surface [110]. In fact, it is clear from Figure 3-13 (a-c) that a crack was 
propagating in the bottom layer of the laminate due to the push-out phenomena, especially 
when the twist drill was used. An excellent result obtained from the dagger drill is evident, 
with smooth surface roughness without fibre pull-out in the bottom layer (Figure 3-13 (b)).  
3.2.4 Characteristics of Drilling Chip Formation 
An interesting phenomenon in the drilling of carbon fibre is the chip removal mechanism. The 
process of drilling CFRP consists of a series of fractures, each creating a chip [111]. 
Surprisingly, the chips produced are in the form of dust, unlike in other materials where many 
chip shapes are produced during drilling. In reference [42], it is stated that chip shape is the 
most important factor for smoothness of a drilling process in which chips with smaller particles 
indicate smoother machining process. The drilling process will be smooth if the chips are well 
broken down. CFRP chips were broken into small dust particles due to their highly abrasive 
character [112]. Chips or dust collected after the drilling process was used for particle size 
analysis. The size distribution of chips/particles was measured using the particle size analysis 
of LA-960 Laser diffraction machine.  
Table 3-5 shows the results of chips size for the drill bits with different backing support at 
various spindle speed. It was observed that different use of backing plates during drilling led 
to various chip sizes. There is clear evidence that the finest chips are produced at the highest 
spindle speed of 2000 rpm, although with considerable variability. Apparently, with a higher 
spindle speed, smoother drilling process was achieved, and therefore the chips are finer. Figure 
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3-14 illustrates the morphology of chips produced by individual drill bits at 500 rpm. As 
illustrated, the dagger drill (Figure 3-14 a) produced well-broken chips compared to twist drill 
(Figure 3-14 c), where larger pieces of fibre were not well broken. The twist drill was observed 
to produce the roughest chips. Table 3-5 shows that the roughest chip was produced by the 
twist drill at the lowest spindle speed. As expected, a slow drilling process required greater 
force for penetration of the top skin, therefore coarse-textured chips were produced. Tool 
geometry was a factor influencing this scenario, where tool geometry with a less cutting edge 
will have smoother chips produced compared to tool with more flutes and cutting edges. 
Table 3-5. Particle size analysis for full, partial, and no support backing plate during drilling 
with different types of tool. 
 
Tool 
Type 
Speed Full Support Partial Support No Support 
rpm Smallest 
[µm] 
Largest 
[µm] 
Smallest 
[µm] 
Largest 
[µm] 
Smallest 
[µm] 
Largest 
[µm] 
 
Dagger 
500 17.2 
(±0.5) 
309.8 
(±1.5) 7.6 (±0.1) 
103.4 
(±4.6) 
- - 
1000 11.2 
(±0.1) 
165.8 
(±5.9) 7.9(±0.1) 
72.6 
(±2.3) 
- - 
2000 9.7 
(±0.0) 
139.3 
(±2.7) 8.3(±0.1) 
89.8 
(±3.9) 
6.8 
(±0.0) 
79.8 
(±3.4) 
 
Reamer 
500 11.6 
(±0.4) 
671.5 
(±65.6) 8.7(±0.0) 
142.5 
(±2.3) 
- - 
1000 10.1 
(±0.0) 
221.2 
(±17.7) 6.2(±0.1) 
69.9 
(±5.1) 
- - 
2000 10.2 
(±0.1) 
313.9 
(±21.6) 7.4(±0.1) 
64.1 
(±3.85) 
6.1  
(±0.0) 
68.2 
(±6.8) 
 
Twist 
500 39.6 
(±7.6) 
539.8 
(±11.9) 10.8(±0.0) 
154.9 
(±6.5) 
- - 
1000 22.9 
(±3.3) 
703.7 
(±190.8) 8.8(±0.1) 
92.1 
(±0.1) 
- - 
2000 19.8 
(±0.3) 
593.4 
(±25.2) 6.0(±0.0) 
37.5 
(±2.3) 
9.9 
(±0.1) 
107.2 
(±2.21) 
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 Figure 3-14. Morphology of chips shapes produced at a spindle speed of 500 rpm: (a) 
GT50 dagger drill, (b) GT15 drill reamer, and (c) twist drill. 
c 
b 
a 
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3.2.5 Heat Distribution Induced by Drilling 
The thermal conductivity of the cutting tools, coatings, and laminates had a significant 
influence on drilling machinability [112]. Measurements of heat distribution for full support 
drilling was taken from the beginning of the first contact of the drill bit with the laminate 
surface until drill bit is pulled-out (Figure 3-15). Results of temperature distribution on CFRP 
laminate under full, partial and no support conditions are tabulated in Table 3-6 below.  
       
(a)                                                                 (b) 
    
       (c) 
Figure 3-15. Temperature distribution plot for (a) Twist, (b) dagger, and (c) reamer drill 
with full backing support during drilling at 500, 1000 and 2000 rpm drilling speed.  
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Table 3-6. The measured temperature on the laminates during drilling with partial support 
and no support conditions.  
Tool  
Type 
Speed Partial Support No Support 
RPM Final Contact 
[°C] 
Max [°C] Final Contact 
[°C] 
Max [°C] 
 
Dagger 
500 45.3 (±0.5) 100.1 (±10.1) - - 
1000 62.9 (±8.8) 114.2 (±10.1) - - 
2000 64.8 (±5.0) 133.9 (±3.4) 73.8 (±4.6) 126.5 (±17.6) 
 
Reamer 
500 53.0 (±3.7) 72.8 (±6.3) - - 
1000 60.6 (±4.7) 94.2 (±4.6) - - 
2000 78.0 (±3.6) 115.3 (±10.4) 89.4 (±4.7) 125.5 (±8.1) 
 
Twist 
500 45.6 (±1.3) 118.5 (±4.6) - - 
1000 64.3 (±6.6) 143.0 (±5.6) - - 
2000 57.6 (±7.8) 175.9 (±9.9) 59.8 (±1.1) 168.4 (±9.1) 
 
      
Figure 3-16. Tomography of heat detection between tool and laminate interface using 
thermoIMAGER 160/DK camera during drilling. 
Coating material increases the localised temperature in the tool-workpiece, thereby decreasing 
the material strength of the workpiece and thus reducing its cutting force. Chapter 6 will explain 
in-depth this scenario. The drill material also has a significant effect on drilling temperature, 
apart from the spindle speed and feed rate. Higher laminate temperature can induce debilitating 
thermal effects such as tensile residual stresses at the contact area and an increase in hole 
diameter. A severe temperature increase can give rise to thermal damage in the surface or 
subsurface region of the laminate, adversely affecting its strength and fatigue resistance [110]. 
Carbon fibre, on the other hand, can withstand temperatures up to 3000°C before degradation 
of the structure begins [109]. Moreover, a high temperature at the chip-tool interface causes 
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more heat to be carried away by the chips, as demonstrated by [27] so that the drilling 
temperature depends on the material removal mechanisms. The cutting temperature in the 
drilling of thin CFRP laminates are usually below 250 °C [113], a level that has no notable 
effect on drill performance, but may affect the drilled hole quality.  
As shown in Figure 3-15 (c), the reamer drill produced the lowest maximum temperature of all 
cutters during drilling with full backing support. Drill reamer had the lowest heat production 
of 83.5°C during the drilling process. Twist drill generated the greatest heat of 115.7°C with a 
full support backing plate. Generally, the cutting temperature is elevated with increased in 
spindle speed, thereby promoting softening of the matrix and inducing less delamination. For 
no support and partial support drilling conditions, four positions were located to capture heat 
detection. The first contact, as shown in Figure 3-16, defined as the initial contact of the drill 
bit at the top surface of the laminate, is to some extent associated with room temperature. The 
final contact produced the last temperature reading when drill bit was pulled out from the 
drilled hole. The maximum temperature obtained during the entire drilling process for partial 
support drilling is tabulated in Table 3-6 to be associated with the twist drill at 175.9°C at the 
highest speed of 2000 rpm; the minimum temperature was 100.1°C with the dagger drill at 
lowest speed of 500 rpm. This difference was attributed to the twist drill geometry and speed 
leading to the production of high temperatures due to friction, vibration, and instability of tools. 
Thus, a non-smooth drilling process can cause friction and friction increases the heat generated.  
3.2.6 Significance of Post Drilling Hole Circularity/Roundness Factor 
The quality of the drilled hole is also determined by the roundness factor of the hole. The 
underlying mechanisms causing roundness error are whirling or wandering of the drill tip at 
drill entry, dynamic deflections of the drill due to unbalanced forces, and errors due to thermal 
expansion of the drill and workpiece  [114]. The roundness factor, Fd, is a quotient between 
3. Drilling Mechanisms of CFRP Composite Laminates 
69 
the maximum damage diameter, Dmax and the nominal hole diameter, Do. Table 3-7 shows the 
roundness factor based on the topmost surface of the laminates during no support drilling at 
2000 rpm. The image was taken from the microstructure analysis using Leica Digital 
Microscope, and measurement of the roundness was undertaken using Image J software. The 
roundness factor, Fd, was calculated as [55]:  
                                                     	=  	                                                        (3.2) 
Figure 3-17 shows that the roundness factor for the dagger drill increased with an increase in 
speed. The CFRP hole diameter increased due to tool wear, and that increased the instability 
of the drill bit [115]. The opposite scenario occurred for twist drill. Instability of the twist drill 
bit occurred when subjected to low speed, and a higher speed led to better drill bit stability. In 
fact, tool vibration occurred not only at the entry of the drilling but also all the way through the 
drilling process. From the experimental work, drilling at high speed always produce larger 
holes, mainly due to tool instability at high speed. The average delamination length in CFRP 
drilling is less than 2 mm [32]. Also, a steady and consistent roundness factor was obtained 
from the reamer drill, as shown in Figure 3-17 with partial back support. Regardless of any 
spindle speed, reamer drill produced constant hole diameter leads to consistent roundness 
factor. Clearly, twist drill at 500 rpm experienced instability during drilling process as it leads 
massive damage/delamination causing higher roundness factor. As spindle speed increase, 
roundness factor will increase for dagger drill due to instability at higher speed with partial 
support which majorly influences by the geometry of the drill bit. 
The twist drill produced an inconsistent roundness factor pattern. From the microstructure 
observation in Figure 3-18, defects top layers at the hole entry, and catastrophic fibre push-
down occurred at the bottom layer. In verification of the roundness factor results, the twist drill 
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exhibited an unsteady roundness factor and disastrous failure, especially at the bottom layer. A 
remarkable phenomenon was that the roundness factor decreased with an increase in spindle 
drilling speed, particularly for the twist drill. During drilling, the primary source for producing 
a damage due to delamination is the thrust force acting on the workpiece. As was proved, the 
drill reamer showed a consistent roundness factor at the minimum thrust force. Even though 
the thrust force was influenced by spindle speed, the roundness factor was steady at any drilling 
speed. 
Table 3-7. Damage factor of drill hole with no backing plate support at 2000 rpm. 
Tool  
Type 
Delamination Length 
[mm] 
Roundness factor   
Fd 
Dagger 5.7 1.1 
Reamer 5.6 1.1 
Twist 6.1 1.2 
 
 
Figure 3-17. Plot of roundness factor at different spindle speed with specific tools and 
 with partial backing support. 
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Figure 3-18. Leica digital microscope images for circularity of hole entry using dagger drill 
(left) and exit using twist drill (right) with partial support backing plate at 500 rpm. 
3.3 Summary  
The process of hole drilling is a critical part of the manufacturing processes of CFRP composite 
material parts. In this chapter, types of tool, spindle speed, and different backing plates are used 
to investigate the quality of drilled holes with a controlled drilling parameters. The following 
conclusions were drawn from the experimental results addressing affecting responses. 
1) Thrust force and torque decreased as spindle speed increased, regardless of support 
condition. The drill reamer at 2000 rpm performed best, producing the lowest thrust 
force and torque. The dagger drill at 500 rpm provided the largest thrust force and 
torque due to geometric instability at low spindle speed. 
2) A higher spindle speed produced the finest surface roughness. Although differences in 
drill bit resulted in different consistency, a full support backing plate was associated 
with much lower surface roughness of hole wall compared to other backing plate 
conditions. The twist drill at the lowest speed of 500 rpm produced the poorest surface 
finish. The finest surface finish was obtained from the reamer drill at the highest spindle 
speed of 2000 rpm.  
3. Drilling Mechanisms of CFRP Composite Laminates 
72 
3) Particle size analysis and surface roughness were closely interrelated. Surface 
roughness portrayed the same construct as particle size analysis. A finer particle size 
was obtained with higher spindle speed due to smooth machining that induced a finer 
surface finish.   
4) Remarkable heat generation increase with an increased in spindle speed. Additionally, 
the greater heat was created when a full support backing plate was used, due to the 
higher friction associated with a higher stiffness. The twist drill at the lowest speed 
generated the least heat, primarily due to tool geometry.  As well, the twist drill at the 
highest speed made the maximum heat throughout the entire drilling process. Again, 
the effect of the geometry at higher spindle speed led to a non-smooth drilling process 
that caused extreme heat distribution.  
5) The roundness factor for the dagger drill increased with spindle speed; for twist drill, 
roundness factor decreased with an increase in spindle speed; for drill reamer, 
roundness factor remained steady in any spindle speeds. In short, the lowest damage 
factor was obtained from the dagger drill and the highest damage factor was taken from 
the twist drill. No significant finding was obtained regarding the effect of backing plate 
condition on the roundness factor, but the absence of a backing plate resulted in a 
slightly lower roundness factor than the other backing plate conditions.  
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Measurement of Unidirectional CFRP 
Mode I Fracture Toughness Using 
Orthogonal Cutting 
 
 
Carbon fibre reinforced polymer (CFRP) belongs to a new class of developed materials that 
are durable, low density and never corrode. Needless to mention, CFRP possesses 
extraordinary properties as it has been widely used by the aerospace industry although it is 
known that they are prone to develop internal damage. This will lead to premature catastrophic 
failure that can be particularly dangerous for structural stability. The use of carbon fibre 
reinforced polymer requires a high standard of dimensional accuracy and surface integrity. 
Compared to metals, fracture toughness characterisation of composite materials are still in the 
process of development.  
There are three modes of fractures (Figure 4-1). Mode I, opening or tensile mode, Mode II, 
sliding or shear mode, and Mode III, tearing mode. The great majority of all actual cracking 
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and fractures cases are mode I problems. A crack in the very early stage of development will 
turn into a direction in which it experiences only Mode I loading, unless it is prevented from 
doing so by geometrical confinement. Therefore, for this reason, Mode I fracture mechanics is 
the focus to investigate in this chapter.  
 
Figure 4-1. Three crack opening modes.  
 
 
 
Figure 4-2.Cutting of the main cutting edge under various fibre cutting angles [116].  
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(a)                                                                       (b) 
Figure 4-3. (a) Schematic diagram of UD-CFRP laminates [116]. (b) Definition of the 
relationship of drilling fibre and fibre cutting direction.    
Mode I intra-laminar (matrix cracking) fracture toughness is usually measured using double 
cantilever beam (DCB) specimens based on the modified beam theory [117]. In this chapter, a 
method is developed to characterise the mode I intra-laminar fracture toughness of CFRP 
composite using orthogonal cutting. The origin of drilling mechanism begins with a cutting 
process. Figure 4-2 illustrates the fibre cutting process during drilling. Figure 4-3 (b) 
demonstrates the relationship between drilling fibre and cutting fibre direction. As described 
in chapter 3 (Section 3.1.1), composite laminates provided by the industry consist of 26 layers 
of unidirectional (UD) carbon fibre plies are stacked in a different orientation as shown as an 
example in Figure 4-3 (a). Therefore, it is critical to understand the cutting of UD carbon fibre 
at the different cutting faces of the laminates. From Figure 4-2 (b) also displayed that each fibre 
cutting in drilling involve fibre cutting angle. To further understand this process, mode I intra-
laminar fracture toughness is determined, which brings to this study where fundamental 
investigation on carbon fibre behaviour towards fracture influencing drilling mechanisms. 
Hence, three different faces of UD CFRP is implemented in this chapter, denoted as 
longitudinal, layer and transverse. The intra-laminar fracture toughness of UD fibre-reinforced 
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polymer composite laminate is related to the energy dissipation during the orthogonal cutting 
along the longitudinal direction of the composite [118, 119]. The Mode I intra-laminar fracture 
toughness of CFRP laminate was also characterised using modified DCB specimens at the first 
place to obtain a reference of the toughness of CFRP. Mode I intra-laminar crack growth is 
developed by creating a fine intra-laminar pre-crack and the critical energy release rate, GIC, is 
determined using the modified beam theory and compliance calibration method [117]. With 
that, in-depth investigation on the relationship between drilling fibre and fibre cutting angle 
which will influence drilling quality and mechanisms are studied. 
4.1 Materials and Methodology   
4.1.1 Materials 
CFRP laminate used consists of 16 layers of UD carbon fibres. The dimension used for DCB 
specimen is 150 mm x 20 mm x 2.5 mm with a notch of 50 mm is made, and a pre-crack is 
marked using a new razor blade. Instron 3366 Universal Testing Machine is used for the testing 
with a crosshead speed of 0.5 mm/min. An optical microscope with 100X magnification is 
placed in front of the specimen as the crack propagation length is recorded. The initial 
delamination length ao is the distance from the load line to the end of the notch. The loading 
continues until the increment of the crack growth of 5 mm as stated in ASTM 5528 [117].  
4.1.2 Sample Preparation for Mode I Tensile Test 
The tensile test is carried out in conjunction with Mode I fracture toughness. The modification 
is made in order to determine intra-laminar fracture toughness due to cutting at different fibre 
direction. Figure 4-4 below is the schematic diagram of the DCB tensile test. Typical 
interlaminar DCB test has been done by the previous researcher [118-121]. However, intra-
laminar fracture toughness is the main concern to further understand due to the direction of 
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orthogonal cutting. Figure 4-5 shows the pre-crack is created, placed on a designed fixture 
using a razor blade to initiate the crack. Meanwhile, Figure 4-6 displays the tensile test set up 
for mode I fracture toughness on UD CFRP laminates (ASTM 5045).  
 
 
 
  
Figure 4-4. (Left) Typical DCB tensile test. (Right) Schematic diagram of DCB              
tensile test for intra-laminar. 
  
Figure 4-5. Pre-crack using pre-crack fixture and a razor blade. 
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Figure 4-6. Mode I tensile testing set-up. 
4.1.3 Mode I Fracture Toughness 
Intra-laminar fracture toughness is determined using two different methods, modified beam 
theory (MBT) and compliance calibration (CC) based on ASTM 5528. This is to prove that 
either method will give no more than 3.1% difference. However, MBT method will be 
recommended as it provides the most conservative values of GIC.  
In practice, this modified beam theory method can overestimate GI because of the beam is not 
perfectly built-in. The compliance, C is the ratio of the load point displacement to the applied 
load, δ/P. By plotting a least squares plot of the cube root of compliance, C1/3 versus a 
delamination length, ∆ is determined as the x-intercept. Thus, a corrected version of Mode I 
intra-laminar fracture toughness as follow:  
                                         	 = 	||                             (4.1) 
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Where P = load, δ = load point displacement, b = specimen width and a = delamination length. 
Eqn. (4.1) is the modified version if it contained a slightly longer delamination. Compliance 
calibration method is used for comparison purposes. Generating a least squares plot of log C 
versus log a, the slope is defined as n = ∆y/∆x. With that, intra-laminar fracture toughness is 
as follows: 
                                   =	  !                                                             (4.2) 
Therefore, both methods are used to determine the r-curve and to prove the accuracy of intra-
laminar fracture toughness. Besides, GI obtained is used as a guideline and reference for 
fracture toughness obtained from orthogonal cutting.   
4.1.4 Orthogonal Cutting on Different Orientation of UD-CFRP  
Orthogonal cutting in this study is entirely referred to [122] which is operated using Minimi 
CNC- M 286 surface grinder due to its high rigidity (0.12 kN/µm) and precise position control 
to an accuracy 0.1 µm. Braised carbide tipped cutting tool with 30° of rake angle and natural 
sharp cutting edge with a radius less than 7.1 µm as shown in Figure 4-7 is used and mounted 
on a three-axis piezoelectric force transducer (Kistler 9257B), which measures the cutting 
forces in horizontal (Fc) and vertical (Ft) directions with 10 mm/sec cutting speed. Cutting 
depth ranges from 10-100 µm with three different orientation of fibre as shown Figure 4-8 
indicates with the red surface. Longitudinal, layers and transverse are all considered as 0° 
however the direction of tool tipped laminates cutting faces are different. For longitudinal, 
cutting direction and tool tipped is facing perpendicular to the fibre direction while for cutting 
in layer orientation, cutting is layer by layer of the ply. Cutting in the transverse direction is 
where the tool tip is parallel to the fibre direction. The nominal cutting depth was controlled 
by CNC machine programming. A more accurate measurement was performed with the aid of 
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a chromatic distance sensor (Stil CHR 150), which has a measurement range up to 300 µm 
with a resolution of 80 nm. The sensor scanned the material cutting surface at a different 
position before and after each cut. The difference between the scans was then calculated for 
the real depth of cut. Values of cutting force and transverse force refer to the mean values of 
force in the steady cutting stage. Thermal camera (Micro-Epsilon TIM 160) has been used to 
monitor the temperature change in the material. Figure 4-9 shows the experimental setup for 
the orthogonal cutting. The chips were collected and processed by metallographic cross-
sectioning/polishing techniques and were measured from photomicrographs using digital 
microscope Leica DWinPlus. Mechanical properties such as yielding stress for the composite 
is determined by conventional bending test according to ASTM 790. 
 
 
Figure 4-7. Tool sharpness as define in a radius of curvature taken from                          
Leica digital microscope. 
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 Figure 4-8. Fibre orientation for orthogonal cutting indicated in the red surface. Left 
to right, longitudinal, layer and transverse. 
  
Figure 4-9. Orthogonal cutting experiment set-up. 
4.1.5 Quantification of Fracture Energy Induced by Orthogonal 
Cutting 
Modification on quantification of fracture energy is done based on [11]. Patel et al. [11] 
investigating fracture toughness from the orthogonal cutting test on polymers which slightly 
different material properties compared to this study. Strength and stiffness of carbon fibre are 
much higher compared to other fibre materials as it is more brittle than ductile polymer 
properties. However, there is a polymer property consist in a laminate which is the matrix. 
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Therefore, a method is developed based on the method used for the polymer to implement for 
this study. Methods that are simplified and employed in this study including an energy balance 
model, Merchant’s force minimisation scheme and equilibrium on the tool-chip interface [11].   
Orthogonal cutting is where a tool with a rake angle α is driven at a constant speed, V, to remove 
a layer of thickness h and a width b from a workpiece or laminates. Clearance angle is defined 
on the lower tool surface as it is claimed to reduce friction. The shear plane is described as an 
angle φ to the plane of the cut surface and a shear force S and a normal force N act on the shear 
plane (Figure 4-10). The transverse force, Ft on the chip is generated from a driving force Fc 
on the tool. The tool is assumed to fit into the area behind the chip and touches the end of the 
shear plane. Energy is delivered by the tool directly to the fracture process, and the analysis 
could proceed via a consideration of equilibrium along the shear plane, with the fracture 
toughness, Gc [11]. In this analysis, we assume that the shear plane is formed at some critical 
shear stress, σs, where σs = σy/2, σy is tensile yield stress.  
Therefore, two simplified methods from Patel et al. [11] is used. Method 1 is based on an 
energy balance but with the shear angle determined via measurement of the cut chip thickness 
(hc), the depth of cut and the rake angle. Method 2 is based on the force equilibrium on the 
tool-chip interface and invoked both Coulomb friction and adhesion toughness between the 
chip and the tool. As a result, a combination of both methods revealed the best output for UD 
CFRP orthogonal cutting on measurement the fracture properties at different fibre orientation.  
From method 1 using chip thickness, hc: 
φ is the angle of the shear plane that is related to tool rake angle α and chip thickness hc, where 
h is the cutting depth, 
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                                                      tan% = 	 &'()*) +	(,-                                                   (4.3) 
                       
.* − .0 tan% =	 12 3tan% + 5-67 + 8                    (4.4) 
Thus, a simplified equation from Merchant’s force minimisation criterion where Gc and σy can 
be determined from a linear plot of (Fc/b – Ft/b tan φ)) versus (h/2)(tan φ + 1/ tan φ) data from 
Eqn. (4.4). The gradient gives σy, and the positive intercept on the Y-axis is Gc.  
For method 2 using the coefficient of friction, µ: 
By using known σy, which is determined by the gradient plot of Eqn. (4.4),  
                                                     cot ; = 	<1 + 12 .0                                              (4.5) 
and, 
                                                       > = 	 ?+	5-? 5-                                                   (4.6) 
where Z is the friction factor and µ  = 0.41. µ = tan θ is determined using simple friction test 
using incline plane method as shown in Figure 4-11. S is the shear force, and N is the normal 
force on the tool-chip interface, during cutting and machining, heat often develops along the 
tool-chip interface even though the value is negligible, yet it leads to chip adhering to the tool 
and an adhesion toughness, Ga is required (Eqn. 4.7 to Eqn. (4.9)). By including the adhesion 
toughness and coefficient of friction (COF), tool-chip interface is as below: 
  @ = A 	cos% − C 	sin %                                (4.7) 
  E = A 	sin % + C 	cos%                               (4.8) 
4. Measurement of Unidirectional CFRP Mode I Fracture Toughness Using Orthogonal Cutting 
84 
                                                               
F
 −	! = 	G H                                             (4.9) 
                                  
.* = 	IJK. cot ; +	8                                           (4.10) 
Thus, Gc and σy can be determined from a linear plot of (Fc/b) versus (h.cot ϕ) from Eqn. (4.10). 
Again, the gradient gives σy, and the positive intercept on the Y-axis is Gc.  
 
 
 
  
 
 
 
Figure 4-10. Schematic diagram of the cutting process, parameter involves and those  
forces acting on the shear plane. 
 
 
 
 
 Figure 4-11. Schematic diagram of friction test. 
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4.2 Results and Discussion 
4.2.1 Mode I Critical Energy Release Rate (GIC) 
Based on Figure 4-12 both methods give slight difference of GIC value. The matrix is cracking, 
or a crack is apparently running parallel to fibres through the thickness. Both methods pre-
cracks exhibited stable growth and approximately equal initiation of fracture toughness. 
Extensive fibre bridging is observed and rapid increase of R-curves occurs after 0.07 mm 
delamination (shown in red dotted line). Moura et al. [118] affirm that Gc-ini can be considered 
equal to the energy release rate recorded during delamination growth. Li et al. [123] demanded 
the energy consumption during the CFRP machining process consists of three factors of new 
surface energy, friction and chip fracture energy which will investigate further in the next 
chapter. 
 
 Figure 4-12. R-curves of mode I intra-laminar crack growth using modified beam theory 
(MBT) method and compliance calibration (CC) method.  
During machining of UD CFRP perpendicular (longitudinal) to the fibres, from the 
experimental observation, the surface is destroyed, and cracks are formed leading to fracture. 
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Furthermore, if the CFRP is machined parallel (transverse) to the fibres, the surface is 
smoother, and the cracks reach only one or two fibre diameters into the composite. When 
machining laminates with transverse orientation at a positive rake angle, mode I fracture 
initiates along the fibre-matrix interface causing delaminated material peel and slide on the 
rake face. In fact, tool-chip friction energy plays a predominant role, followed by new surface 
energy and chip fracture energy [123]. Brushing effect can be explained by high strength 
reinforcement causing high abrasiveness, while high modulus reinforcement typically suffered 
a brittle fracture [124]. Chip is yielded due to bending fracture and might lead to the fibre 
bouncing-back in the cutting process, and this would degrade the surface roughness of 
machined surface [123]. Wear behaviour (tool) could be related to the temperature and friction 
energy developed during the process. On the other hand, high Tg of laminates resins can 
maintain their mechanical properties at high temperature. Hence the reinforcement would be 
held in its position, increasing the abrasiveness of the laminates [124].  
4.2.2 Specific Cutting Force and Thrust Force 
Cutting forces along and perpendicular to the cutting direction is called cutting force, Fc 
(horizontal force) and transverse force, Ft (vertical force). During machining of UD CFRP 
parallel to the fibres, the horizontal cutting force (parallel to the fibres and the cutting direction) 
is determined by the cutting depth and the rake angle, while the vertical cutting force is 
determined by the relief angle and the wear of tool. An undeformed chip thickness leads to 
increment of specific energy due to higher rubbing forces and clearance (relief) face of the tool 
[125]. Observation of separation on the top layer between the fibres and matrix (Figure 4-14), 
is due to the high cutting force pushing the laminates impacted in separation. This scenario 
visibly occurs for transverse fibre orientation. Figure 4-13 displays that at any fibre orientation, 
Ft always higher compares to Fc. In fact, Fc is consistent and remains low in any orientation. 
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Ft produced by fibre with layer orientation during cutting is unusual where this could be due to 
the diameter of the cutter affecting fibre breakage. Smaller diameter of cutter compare to the 
diameter of the fibre leads to higher Ft. Fibres are pushed down trigger the entire structure to 
move and shift. The internal structure of laminates experienced softening due to high cutting 
force in perpendicular Ft direction be the reason forcing the fibres indented. Slightly different 
cutting mechanism happen for transverse direction is that it seems like the fibres are being 
pushed by the cutters instead of being cut. Therefore, Ft happens to be particularly smaller 
compare to the other orientation. Also, at a greater fibre orientation and higher cutting depth, 
the vertical cutting force becomes negative as the laminates apply a pulling force to the tool 
[90]. A key factor that contributes to the generation of the cutting forces is believed to be the 
bouncing back phenomena. 
 
Figure 4-13. Orthogonal cutting forces Fc and Ft versus depth of cut (DOC) plot at different 
fibres orientation, longitudinal, layer and transverse direction. 
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Figure 4-14. Microstructure of fibre distortion and fibre bouncing back phenomena from 
post-cutting laminate under Leica digital microscope. 
4.2.3 Influence of Fibre Bouncing Back Phenomena on Orthogonal 
Cutting 
Bouncing back phenomena as mentioned in previous section in this study defines as uncut 
fibres bounce back after tool passing through for surface removal (cutting) process. This 
phenomenon happened and explained thoroughly in the next chapter. Based on orthogonal 
cutting, it was found that the real depth of cut and a nominal depth of cut are different. When 
the tool passed through, the material in the cutting path was pushed down and sprang back 
partially elastically. Bouncing back is always influenced by the orientation of the fibres [126]. 
It was also found that the magnitude of bouncing back is related to the radius of a cutting tool. 
The diameter of the fibre used is 6.5 ± 0.4 µm, and sharpness of tool tip is 7.1 µm. An 
assemblage of fibres that have been cut might experience unfinished cutting due to fibres 
bending leads to bouncing back phenomena. Figure 4-15 shows a critical analysis between 
nominal cutting depth, real cutting depth and bouncing back height. When the cutting tool 
passed through, fibres recovered elastically as many fibres were pushed to bend (but not break 
at the cutting point) causing the magnitude of the bouncing back become larger. Chip is 
produced by the matrix-fibre interface shearing along the fibre direction. As a result, it is 
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defined that nominal cutting depth will always be different than real cutting depth. Real cutting 
depth is measured from the difference of the surface distance given by the reading of the laser 
sensor before and after cutting.   
 
Figure 4-15. Graphs of nominal cutting depth versus real cutting depth and bouncing back 
for different fibre orientation.  
4.2.4 Variation of Chip Production from Cutting 
Due to cutting at the different direction of UD CFRP laminates, the chip produced will vary. 
The chip formation process during the machining of FRP relies on three material removal 
mechanisms: abrasion, ploughing and cutting. Each laminate with different direction during 
cutting tend to have its mechanism reacting to the cutting force. However, longitudinal and 
layer (ply) direction giving the slightly similar type of chip as it experienced bending and fibre 
breaking during the cutting process.  
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Chip formation mechanism involved failure along the fibre-matrix interface through cantilever 
bending and fracture perpendicular to the fibre orientation. The fracture plane in which chip 
release occurred for longitudinal direction was parallel to the fibre direction along the fibre-
matrix interface. Material removal for UD material comprised out-of-plane shear with severe 
compressive loading, which induced intra-laminar deformation. Figure 4-16, shows fibre 
bending and failure during the cutting process. Figure 4-16 (left) irregular surface is defining 
the break of each fibres which results from bending–induced fracture. Figure 4-16 (right) shows 
fibre break from cutting layer orientation of the laminates and, fibre fracture perpendicular to 
the fibre direction. This bending scenario and compressive force subjected to the fibres lead to 
the generation of higher thrust force (Ft).  
Figure 4-17 and 4-18 obtained using Leica digital microscope from cutting laminates in the 
transverse direction where the chip produced is a continuous curl up chip. Values of h (chip 
thickness), α (rake angle) and σy (yield stress) of the material are interrelated factors, leading 
to plastic bending of the chip and hence chip curl up. Tool pushes down on the laminate, but 
in continuous chip formation, the tool pushes the chip up and away from the cut surface. When 
the depth of cut is increased, chip curling is closer and denser. Chip thickness was greater than 
the depth of cut as fracture occurred. This is due to the shearing effect during the cutting. It is 
impossible to obtain a standard and consistent chip formation [127]. Results of chips thickness 
are tabulated in Table 4-1. Chip produced from cutting transverse direction was collected and 
observed under digital microscope. Chip thickness is then measured using Image J software. It 
is found chip thickness produced approximately 20% thicker than real cutting depth. It is due 
to shearing effect. With that, fibre orientation for longitudinal and layer are estimated 20% 
from the real cutting depth due to unsuccessful attempt on collecting the chips due to fracture, 
breakage and damage.  
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Figure 4-16: Chip damage under microstructure analysis using Leica digital microscope. 
Left is chip obtained from longitudinal orientation; right is from layer orientation. 
Table 4-1. Chip thickness for longitudinal, layer and transverse fibre orientation measured 
using chromatic distance laser sensor (Stil CHR 150) from the surface difference before and 
after orthogonal cutting. 
    Chip Thickness, 
hc (µm)  
 
DOC (µm) 
Fibre Orientation 
 
Longitudinal 
(Estimated) 
Layers 
(Estimated) 
Transverse 
10 10 10 10 
20 10 7 20 
30 30 14 44 
40 47 42 50 
50 60 57 73 
60 71 71 80 
70 83 83 89 
80 94 95 100 
90 107 105 110 
100 116 118 129 
 
 
 
Fibre break 
Fibre Bend 
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Figure 4-17. Microstructure analysis for transverse cutting direction of 20, 40 and 60 µm 
cutting depth at 50 and 100 magnification for chip thickness measurement                       
using ImageJ software. Right-hand side image is an enlarged image of left-hand side.  
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Figure 4-18. Microstructure analysis for transverse cutting direction of 80 and 100 µm 
cutting depth at 50 and 100 magnification for chip thickness measurement                       
using Image J software. Right hand side image is an enlarge image of left hand side.   
4.2.5 Determination of GC Using Energy Balance Model for Cutting 
It is believed that crack initiation itself is not the reason of fracture in composite, and that 
fracture occurs when a defect larger than a threshold size is formed [128]. Fracture toughness 
for cutting is determined using combination methods to cater the relevancy of this study. 
According to Patel et al. [11], when cutting reaches a steady-state, an energy balance is the 
total external work done by the cutting tool which equals to the sum of the plastic work on the 
shear plane, the frictional loss in the tool-chip interface and the work spent in the fracture of 
the material [122]. For this study, two methods are used to determine the fracture toughness as 
mentioned above.  
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Chip thickness, hc will always larger than cutting depth, h due to shearing effect during cutting. 
As composite contains both fibre and matrix, polymer characteristic exists during cutting. 
Bending terms in the energy balance is controlled by this characteristic [120, 122]. Figure 4-
19 shows linear plot from Eqn. (4.4) giving a consistent pattern of results at any depth of cut. 
The fibre in transverse direction produces a smaller value of fracture toughness compared to 
the other two orientation mainly using method 1. The significant difference of Gc evaluated 
from method two can be considered as a reliable data compared to method 1 (Table 4-2). 
However, method 2 is generated based on a partial contribution from method 1 which 
successfully produce Figure 4-20 with reliable results. This is where Eqn. (4.4) is used in Eqn. 
(4.5) to evaluate Eqn. (4.10). In this case, a combination of both methods gives a better analysis 
for orthogonal cutting at different UD fibre orientation as this method includes friction energy 
as this process will definitely involve friction at tool-chip interface.    
 
Table 4-2. Gc and σy values obtained from method 1 and method 2. 
 
 
Fibre 
Direction 
Method 1: 
Chip Thickness, hc  
Method 2: 
Coefficient of Friction 
(COF), [kJ/m2] 
Fracture     
Toughness, 
Gc [kJ/m2] 
Yield 
Stress, σy 
[MPa] 
Fracture     
Toughness, 
Gc [kJ/m2] 
Yield 
Stress, σy 
[MPa] 
Longitudinal (-) 94.4 425 7.4 138 
Layer (-) 32.2 158 5.8 66 
Transverse (-) 56.7 53 5.2 103 
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Figure 4-19 Method 1: (Fc/b – Ft/b tan φ)) versus h/2 (tan φ + 1/ tan φ) plot. 
 
 
Figure 4-20. Method 2: (Fc/b) versus (h.cot ϕ) plot. 
From the observation of the cutting, it is found that the chip produce at a different orientation 
of fibres is different which influence the determination of the fracture toughness. From this 
study, the observation shows the chip (Figure 4-17 and 4-18) produced by cutting in the 
transverse direction giving the same scenario as given by [11] where Eqn. (4.4) is usable in 
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determining Gc. On the other hand, chip produced by cutting in longitudinal and layer direction 
are influenced by bending energy which is to be included in determining Gc. Surprisingly, 
experimental data derived from [129] showed that the contribution of bending to the total 
fracture energy is up to 12% and is independent of cutting thickness. For longitudinal, chip 
produce is scattered, dispersed and unrecognised due to the cutting speed even though it is 
categorised as low cutting speed. However, when the depth of cut is increased, a visible chip 
is observed yet unrecognised in the pattern. As a result, this theory of energy balance may not 
be relevant and accurate in finding Gc in this fibre orientation.  
Unlike cutting for a layer of the fibre, chip produces own plasticity characteristic. Constant 
bending fracture is observed throughout the entire process. Therefore, a new equation proposed 
by [129] including energy dissipation in plastic bending which gives rise to a bending strain, 
eb is recommended to be included for this cutting direction: 
 
          
.* − .0 tan%  12 M1 4 NOP 3* 7Q 3tan% 4 5-67 4 8          (4.11)            
where γ is the shear strain, 
                         R  (,-S(,-6 (,-S6                                   (4.12)                    
Due to constant observation of chip bending throughout the entire cutting process, thus σy from 
three point bending test is substitute in Eqn. (4.11). σy obtained from three point bending test 
is 1324 MPa in a longitudinal direction, and 36 MPa for transverse direction. It was found that 
from both methods used, σy obtained is smaller than σy from bending test. This is clearly seen 
not only bending yield stress involved, there are other stresses need to be taken into 
Bending property 
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consideration when determining energy distribution causing fracture which will be explored 
in-depth in the next chapter. 
Elastic properties of the chip are formed by transverse fibre direction during the cutting process 
as shown in Figure 4-13 which is commonly similar scenario to the polymer material. In this 
instance, modification on bending fracture energy is considered for better and accurate Gc by 
using the equation recommended by [129]. 
where,                
                                         T
U)*VW		;	YU	
ZW[\W]^
V
                                      (4.13) 
where Ro and Ri are the outer and inner radii of the initial part of the chip as shown in Figure 
4-21 below. This additional term (eb/γ)(hc/h) includes the friction energy and no assumptions 
as to friction laws need to be made in determining Gc and σy. This method is found out to be 
applicable for fibre in the transverse direction as the chip produce is similar as polymer chip. 
However, unreasonable reason due to undefined results of fracture toughness were obtained 
when applying Eqn. (4.11-4.13) indicated further investigation is needed to finalise the method 
for CFRP application. Due to fibre materials properties are different than polymer, therefore 
other component of fracture toughness need to be included. Such as fibre breakage which 
contributes to partitioning of the fracture toughness in which this component unlikely to happen 
for polymer material.  A summarised value of fracture toughness and yield stress for both 
method 1, and method 2 are tabulated in Table 4-2 for comparison. 
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Figure 4-21. Chip curling during orthogonal cutting for transverse direction of UD-CFRP 
where Ri is the inner radii of curvature of the chip and R0 is the outer radii of curvature of 
the chip obtained from microstructure analysis using Leica digital microscope.  
4.3 Summary 
Cutting and machining CFRP has been known to be a rather complex issue. The results show 
that average critical energy release rate, GIC, obtained from the two distinctive methods differs 
by no more than 8% from each other, indicating that the method based on orthogonal cutting 
can produce a reliable fracture toughness value for intra-laminar fracture. With that, orthogonal 
cutting is performed using braised carbide tools for a range of cutting depth of 10 – 100 µm 
with a 30° rake angle to quantify the orthogonal cutting forces and observe fracture 
mechanisms.  
It has been supported that intra-laminar fracture toughness depends on fibre orientation [118, 
130]. It shows fracture toughness is higher for longitudinal direction particularly in orthogonal 
cutting. Nothing can compare toughness of fibres in unidirectional (fibre direction). Transverse 
fibre orientation gives the closest result based on the theory whereas the other fibre orientation 
R0 
Ri 
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demonstrates unlikely outcomes. Some verification has to be considered since the energy 
balance model used is not applicable to each orientation. The mechanism of chip formation in 
CFRP is highly dependent on the fibre orientation because all mechanisms of material removal 
was found to be primarily reliant on the fibre orientation whereas the tool geometry and the 
operating conditions consider secondary effect. Furthermore, type of chips produced from the 
cutting is used as an indicator whether the energy balance recommended is valid to be 
exploited. This is due to the observation of the chip fracture whether it includes bending 
fracture, fibre breakage fracture or chip fracture which leads to the contribution of the energy 
balance model. As a result, from the chips generated and analysis on the fracture energy, it is 
understood that the energy balance model developed is not suitable to be applied to certain 
fibre orientation. It offers an accurate and valid result for specific orientation and material. 
Therefore, consideration on bending fracture energy and fibre breakage energy on top of 
another three factors of energy consumption (new surface energy, friction and chip fracture 
energy) would give a massive contribution to fracture energy release at different fibre 
orientation for CFRP.  
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Orthogonal Cutting and Fracture Energy 
for Different Fibre Orientations 
 
 
A typical carbon fibre reinforced polymer (CFRP) laminate is composed of strong parallel 
fibres embedded in a weaker matrix. This provides high stiffness and strength in the plane of 
the sheet. However, the inter-laminar plane has a low resistance to failure. In this chapter, the 
focus is concentrated again on fibre orientations of CFRP concerning forces on fracture energy 
by addressing the effect of tool relief angle. Four major fibre orientations such as 0°, 90°, 45°, 
and 135° are used in this chapter. Different fibre orientation and relief/clearance angle during 
orthogonal cutting contribute to significant impact especially on fibre bouncing back. Fibre 
bouncing back leads to the extreme generation of thrust force during cutting which causing 
unrealistic fracture energy. Investigation on tool relief angle is implemented to reduce the 
generation of high thrust force. Also, fracture energy evaluation at different relief angle during 
orthogonal cutting with various fibre orientation is studied further in this chapter. 
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Figure 5-1. Definition of fibre direction/orientation θ in cutting for drilling CFRP [131].  
Figure 5-1, shows in-depth of the definition of cutting in different fibre orientation. Where z is 
cutting depth or thickness of the laminate and VC is cutting speed. The ploughing process that 
typically happens in cutting carbon fibre is complicated. It involves both a sliding/indenting 
action of the tool edge on the laminate and the interaction with the main plastic deformation 
zone related to the bulk shearing of the laminate. Ploughing forces are related to cutter edge 
radius, with a larger edge causing more ploughing forces. The cutting process damping and 
machine-tool stability issues are directly related to the ploughing component of cutting forces. 
Therefore, this issue could be a significant contribution to carbon fibre fracture energy 
distribution. 
5.1 Configuration of CFRP Composite Laminates 
CFRP laminate used in this study consists similar materials and configurations as described 
previously in Chapter 4. CFRP laminates are cut and prepared at four different orientations of 
0°, 90°, 45° and 135° as Figure 5-2 below using a diamond circular saw. Then the cut surface 
is polished to obtain a smooth surface before cutting test. Specimen dimension used is with a 
width of 20 mm, and 2.76 mm, 2.83 mm and 2.88 mm for 0°, 90°, ± 45° respectively in 
thickness as length is not a critical dimension. Specimen fixture is similar as in the setup for 
orthogonal cutting in Chapter 4. 
θ = 90° θ = 45° θ = 0° θ = 135° 
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5.2 Impact of Tool Relief Angle on Orthogonal Cutting 
It is widely believed that relief angle, also known as clearance angle, is the key factor to reduce 
friction during cutting [111, 132, 133]. Tool bluntness and relief face rubbing increase cutting 
force and thrust force, irrespective of the mode of chip formation. Frictional rubbing along the 
contact will cause higher thrust force. With that being said, the work done by the force provides 
the energy required to separate the surfaces. Therefore, with sharp cutting tools, the forces on 
the relief face can be made negligibly small when the relief angle exceed 5°. An et al. [134] 
proves that the greater the relief angle, the smaller the cutting force as this is similar to the 
cutting for metal materials while UD CFRP is a material with a large elastic recovery. It has 
been taken into account cutting fibres at particular orientation as the CFRP behaviour could 
lead to not only elastic recovery but bending followed by fracture. Furthermore, after recovery 
from minor elastic behaviour, the machined surface is prone to contact with the rake face, 
subjected to friction and extrusion, leading to the increase of cutting force and thrust force. 
Thus, from the cutting forces production and analysis, the relief angle of cutting tools are 
suggested to be designed larger, to reduce the interaction between the machined surface and 
tool clearance face.   
5.3 Experimental 
5.3.1 Orthogonal Cutting on Different Orientation of CFRP Laminate 
The same operation of orthogonal cutting as described in Chapter 4 is carried out in this chapter. 
The significant difference in the parameter for this study is relief angle of 4° and 17° are used in 
different fibre orientation, 0°, 90°, 45° and 135° respectively. Orthogonal cutting is operated using 
Minimi CNC- M 286 Surface Grinder with braised carbide tipped cutting tool with 30° of rake 
angle and natural sharpness of cutting edge with a radius of 7.1 µm mounted on a three-axis 
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piezoelectric force transducer (Kistler 9257B), which measures the cutting forces horizontal (Fc) 
and vertical (Ft) direction with 10 mm/sec cutting speed. Cutting depths are 10, 50 and 100 µm 
with an average of 3 times reading. The nominal cutting depth of the test is controlled by CNC 
machine programming. An accurate measurement was performed with the aid of a chromatic 
distance sensor (Stil CHR 150), which has a measurement range up to 300 µm with a resolution 
of 80 nm. The sensor scanned the laminate cutting surface before and after each cut. The difference 
between the scans was then calculated for the real depth of cut. Values of cutting force and thrust 
force refer to the mean values of force in the steady cutting stage (Figure 5-3). Besides, thermal 
camera (Micro-Epsilon TIM 160) is used to monitor the temperature change in the laminates 
[122]. 
 
 
 
 
 
 
Figure 5-2. Schematic diagram of fibre orientation configuration and orthogonal cutting. 
Cutting Direction 
Relief Angle 4° & 17°  
Rake Angle 30°  
135°45°90°0°
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Figure 5-3. Typical load traces of cutting force (Fc) and thrust force (Ft) for polymer 
composite versus time from orthogonal cutting test [11]. 
5.4 Results and Discussion 
5.4.1 Modes of Cutting Failure on CFRP Laminate Leads to Damage 
Crack Propagation  
Harris et al. [95] claimed if the interface adhesive strength is greater than about a fifth of the 
cohesive matrix stress, cracks will propagate directly through resin and fibre; no debonding 
will occur, and the composite will behave as a homogeneous brittle solid with low fracture 
toughness. On the other hand, if the interface is too weak, the material will have negligible 
strength, like graphite or talc. The reason why sharper cracks do not give earlier cracking is 
that while they produce more intense stresses and strains, the surface area is too small to 
encompass the microstructural features that control fracture. Also, the radius of a tool tip in 
cutting plays a similar role to the starter crack tip radius in toughness. Take note that the crack 
opening displacement is given by Eqn. (5.1) below which also indicating fibre fracture 
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initiation. As long as crack opening displacement is greater than tool tip diameter, crack tip 
touching is easily achieved in all cases [135].  
                                                                     _8 = `*12	                                                     (5.1) 
Cutting fibre at 0° (Figure 5-4) and 45° (Figure 5-5) are considered cutting on positive fibre 
orientation. When cutting fibre at 0° fibre orientation, it can be seen that the fibres are subjected 
to compression along their axes, as the tool progress into the laminate. This compression, when 
high enough, causes the fibres to crack and peel-off along the fibre-matrix interface. As a result, 
the thickness and length of the chips are much smaller than those generated in the traditional 
cutting. The tensile strength of the matrix is usually much lower than the compressive strength 
of the fibre. Therefore, separation of the two phases occurs at the tool tip and mode I fracture 
initiates along the fibre direction causing a layer of material to peel and slide on the rake face. 
Wang et al. [91] suggests that fracture along the fibre-matrix interface was attributed to 
cantilever bending, followed by fracture perpendicular to the fibre direction. This behaviour is 
detected similarly even by using a polycrystalline diamond (PCD) tool. When the fibre 
orientation is 45°, as the tool moves to the laminate, a higher contact stress happens at the tool’s 
rake face compared to the cutting tip. By increasing fibre orientation, the visibility of the 
fracture plane associated with discontinuity decreased and the area of the machined surface in 
contact with the rake face increased. In traditional cutting, the tool moves forward in the cutting 
direction, which pushes the fibres to bend. As the bending stresses the fibres, interfacial failure 
occurs below the contact zone which peels the fibres off from the matrix, increases the fibre-
matrix debonding depth and deteriorates the subsurface damage [136]. Fracture happens when 
the bending stresses reach the failure stress of the fibres. Wang et al. [90] confirmed that three 
distinct deformation zones appear at this point including chipping, pressing and bouncing. The 
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monotonic tool motion cannot instantly remove the cracked fibre and matrix away from the 
contact zone. Thus the chips generated are often larger. 
 
Figure 5-4. Typical orthogonal cutting process using CNC machine with chip formation for 
0° fibre orientation using HSS cutting tool  [120]. 
  
Figure 5-5. Chip formation from cutting 45° fibre orientation using CNC machine with 
carbide tool tipped and 4° relief angle under Leica digital microscope analysis for (a) at 
200µm and (b) at 100µm.  
Cutting fibre at 90° (Figure 5-6) and 135° (Figure 5-7) are considered cutting fibres in opposite 
fibre orientation. Fibre bending during cutting at this orientation will become more significant, 
and cutting mechanism becomes more complicated. When fibre orientation is 90°, as the tool 
penetrates into the laminate during the cutting process, fibre bending occurs, and the 
(a) (b) 
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deformation zone ahead of the cutting tip is larger causing fibre crushing (Figure 5-6 (a)). Fibre 
fracture takes place across few fibre layers, which brings about a deep fibre-matrix debonding 
towards the end of the cutting path (Figure 5-6 (b)). When the fibre orientation is 135°, high 
stresses are at the tip-laminate contact zone (Figure 5-7 (b)) where the tool-fibre contact area 
is small compared to 0°, 45° and 90° fibre orientation [136]. Such stress concentration leads to 
a crushing fibre failure in the laminates material. In traditional cutting, the fibre and matrix 
fragments above the trimming path flow along the rake face of the cutting tool and form a long 
chip, while fibre-matrix debonding occurs below the path [120].  
 
 
 
Figure 5-6(a-b). Chip formation from cutting 90° fibre orientation using CNC machine with 
carbide tool tipped and 4° relief angle under Leica digital microscope analysis at 200µm. (c) 
Subsurface damage and uneven fibre cut due to fibre bouncing back. 
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Figure 5-7(a-d). Chip formation from cutting 135° fibre orientation using CNC machine with 
carbide tool tipped and 4° relief angle under Leica digital microscope analysis at 200 µm.  
In comparison with different relief angle cutting tool from the microstructure analysis 
observation using Leica digital microscope, damages and fractures occured are similar. 
However, Figure 5-8 to Figure 5-10 demonstrate the stress concentration at the tool tip and 
laminate are higher due to larger relief angle. The stress point illustrates from Figure 5-8 (a) is 
higher due to contact zone between tool and laminate are smaller. Fibre experienced higher 
crushing pressure from tool tip leading to fibre deformation followed by bending and fracture. 
Other modes of failure are similar with smaller relief angle. However, stresses subjected to 
laminates are higher. This is interrelated with the production of cutting forces which will be 
discussed in the next section.  
(d) (c) 
(b) (a) 
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Figure 5-8 (a-b). Chip formation from cutting 45° fibre orientation using CNC machine with 
carbide tool tipped and 17° relief angle under Leica digital microscope analysis at 200µm. 
(c) at 100 µm. 
  
Figure 5-9. (a) Chip formation for cutting 135° fibre orientation using CNC machine with 
carbide tool tipped and with 17° relief angle under Leica digital microscope analysis at 
200µm. (b) at 100 µm. 
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Figure 5-10. Chip formation segmented in block chip for cutting 90° fibre orientation using 
CNC machine with carbide tool tipped and with 17° relief angle under Leica digital 
microscope analysis at 100µm. 
As a result, it can be concluded that chip formation and the surface morphology using PCD 
tools acting similarly to solid carbide tool tipped. Chip formation and material removal in the 
cutting of UD material was construed of both in and out of plane shear fracture along the fibre-
matrix interface with severe macro deformation induced by the compressive of tool load. 
However, this is contradictory with the force profile presented by [91] in which cutting at 45° 
fibre orientation showed consistent manoeuvre throughout the entire process whereas in this 
study, extreme fluctuation in the cutting force profile which is discussed in the next section.  
5.4.2 Specific Cutting Force (Fc) and Thrust Force (Ft) 
Similar phenomena are observed for cutting CFRP laminates in this chapter as compared to 
chapter 4. Thrust force generated is bigger than cutting force. However, interesting observation 
where fibre orientation and difference in relief angle able to minimise thrust force. Displayed 
in Figure 5-11 (a) and Figure 5-11 (c) below, for 0° and 45° of fibre orientation, a combination 
of Fc and Ft are smaller compared to 90° and 135° (Figure 5-11 (b) and Figure 5-11 (d)). It is 
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found that fibre orientation plays an important role influencing the forces. When the fibre 
direction is leading to smaller pressure needed to cut the fibre, therefore smaller forces are 
generated.   
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(c) 
 
(d) 
Figure 5-11. Cutting forces and thrust force versus depth of cut (DOC) plot from an 
orthogonal cutting test using CNC machine using carbide tool tipped with 4° and 17° of relief 
angle and different fibre orientation. (a-d) 0°, 90° 45° and 135°.  
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Figure 5-12. Typical cutting force (Fc) profiles for 0°, 45°, 90° and 135° fibre orientation 
with 4° relief angle from the orthogonal cutting test. 
From the experimental observation, the load traces fluctuate with the advance of the cutting 
tool. According to the real-time observation of the cutting process in Figure 5-12, the force 
fluctuation is attributed to the variation of the contact conditions between the tool and laminate. 
This is due to the inter-laminar crack propagated in a ‘stick-slip’ manner during the chip 
removal process. It is informative to examine the curve of the cutting force histories 
periodically for a better understanding of this behaviour. At the location marked in the Figure 
5-12 above of the tool advancing time, the cutting forces rise to the peak due to the 
accumulation of the bending energy in the chip and the strain energy at the inter-laminar crack 
point. The peaks subsequently drop as a result of the crack progression in the direction of 
cutting. At this moment, since the cutting speed was much lower than the crack speed, the 
increase of the crack length gave rise to a reduction of the bending strain in the chip. It can be 
reflected by an increase of the chip radius of curvature mentioned by [129]. As the 
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consequences of this repeating process was a series of discontinuous inter-laminar crack 
growths which were also seen in double cantilever beam (DCB) delamination test. 
5.4.3 The Bouncing Back Phenomena 
To date, fibre bouncing back phenomena is still a mystery yet to be discovered 100%. Besides 
the experimental investigation, it is also shown from [90] that it impacts the generation of high 
thrust force. Especially in drilling, each fibre direction is cut at least twice per revolution when 
drilling directionally to the reinforced laminates. Fundamental investigation of orthogonal 
cutting carbon fibre is essential to understand fibre has not been cut entirely during machining. 
In this study, a clear observation on fibre bouncing back is noticeable specifically when the 
fibre is cut perpendicular to the cutting direction (90°, 45°, 135°). Some of the fibres are not 
100% cut even though the cutting speed is slow. From the observation at this point, this is due 
to the high stiffness and strength of the carbon fibre which required more source of energy to 
be fully cut. This is the rationale behind the reason of generation of high thrust force or vertical 
force. As the fibres are not fully cut, it tends to bounce back which leads to higher thrust force 
generated compared to cutting force. Figure 5-13 below shows the bouncing back height with 
respect to the depth of cut (DOC). Figure 5-13 (a) shows bouncing back height plot for 4° relief 
angle while Figure 5-13 (b) for 17° relief angle. It shows from both figures that regardless of 
any relief angle, when cutting fibre 45° proves larger in the height of the fibre bouncing back. 
Only in this fibre direction (45°), the cutting direction is against the fibre direction. Therefore, 
larger force and higher cutting speed can perform better machining on high stiffness fibre. 
Meanwhile, for other three orientation, 0°, 90° and 135° respectively, fibre bouncing back 
generation is lesser compared to 45°. Again, this can be explained as the fibres not getting in 
the way as it is in the opposite direction of cutting. As a conclusion, magnitudes of fibre 
bouncing back is lower with higher relief angle.   
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(a) 
 
(b) 
Figure 5-13. Fibre bouncing back height versus depth of cut of 10 µm, 50 µm and 100 µm 
from orthogonal cutting. a) 4° relief angle, b) 17° relief angle. 
5.4.4 Effect of Tool Relief Angle 
From this study, the objective of introducing different relief angle is to reduce the thrust force 
(Ft) and fibre bouncing back. It has been a surprising concern that orthogonal cutting on carbon 
fibre yields extremely high thrust force, Ft, compare to cutting force, Fc. This is very rare 
phenomena in which cutting force should always be larger than thrust force. By investigating 
the influence of relief angle (Figure 5-14), production of high thrust force in orthogonal cutting 
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in CFRP or high stiffness material is discovered. Also, it is well-known that orthogonal cutting 
on polymer composite gives lower thrust force compared to cutting force [120]. While 
orthogonal cutting in metal provides an approximately similar range of value for both cutting 
force and thrust force (≈ 1200 N) [137]. Data from Figure 5-13 (a) and (b) suggests that 
tool/cutter with smaller relief angle creating the higher value of the height of fibre bouncing 
back especially at a smaller depth of cut (DOC). This is well explained as the angle between 
the tool and the laminate is smaller, the cutting process is steadier. Hence the pressure it could 
cause and space allowable is smaller. This is also due to the friction between the tool, and the 
laminate (fibres) which eventually generate higher thrust force compared to larger relief angle 
as the friction between the interfaces is reduced. Resulting fibres are fully cut hence decreasing 
fibre bouncing back.        
 
 
 
 
Figure 5-14. Schematic diagram of the effect of relief angle reflecting on the creation on fibre 
bouncing back on 45° fibre orientation. 
5.4.5 Evaluation of Fracture Toughness and Energy Distribution 
Work of fracture and inter-laminar shear strength are both affected by machining which alter 
the fibre surface characteristics, either mechanically or chemically, in such a way as to change 
the strength of the interfacial bond of fibres or mechanical friction between matrix and fibre 
[95]. With that, the indirect relationship between toughness and inter-laminar shear strength is 
indeed of importance [95]. The same applies to CFRP since the work of fracture of carbon is 
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about 10 Jm-2. This can be obtained from the theoretical strength and surface energy 
calculations given, by Kelly [138], where the surface energy γs ≈ Eαo/10 ≈ 6 Jm-2 where α0 is 
carbon-carbon (C-C) length (154 pm). Li et al. [123] proves that the portion of energy spent on 
tool-chip friction is the greatest and the portions of energy devoted to creating new surface 
decrease with the increase of the angle of fibre direction. 
Fracture energy distribution is all begins with Williams [11] theory. In the case of any wedge 
cutting problem, energy assumes that if the tool moves forward a distance, dx, then the 
increment of external work, dUext, is given by Fc · dx. In these ‘steady state’ cases there is no 
change in elastic energy and the energy balance becomes,  
                                                            dUext = dUdiss                                                                                           (5.2) 
Where dUdiss is the increment of dissipated energy and is given by, 
                                             dUdiss = dUfract + dUplast + dUfrict                                                                      (5.3) 
where dUfract = Increment of fracture energy 
           dUplast = Increment of plastic energy dissipated on shear plane 
           dUfrict  = Frictional work done on tool-chip interface 
In fact, from the experimental work, it is found that there is a dissipation of energy through 
fibre breakage dUfb, surface energy dUsurf and chip fracture energy dUchip. Therefore, 
                                 dUdiss = dUfract + dUplast + dUfrict + dUfb + dUsurf + dUchip                             (5.4) 
Thus, 
                                                                dUext = Fc dx                                                         (5.5) 
and,  
                                                            dUfract = bGc dx                                                         (5.6) 
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 Shear force, S on the tool-chip interface is given by, 
                                                     S = (Fc – bGc) sin α + Ft cos α                                         (5.7) 
And S moves a distance dxc. From the plane strain condition we have, 
                                                              hc dxc = h dx                                                            (5.8) 
where hc is the chip thickness, and h is the depth of cut. Chip thickness may change to h during 
shearing. If the plane strain is assumed, this is sensible for removal of thin sections. Therefore, 
Ksin% = K8cos% − a 
With that, the increment of frictional work is, 

bcde8C = @ ∙ 	
8 = g8 − h8 sin a + C cos ai sin%cos% − a ∙ 
 
The plastic work done on the shear plane is, 
                                                              dUplast = S · dus                                                        (5.11) 
where dus is the movement along the shear plane for a tool advance of dx as shown in Figure 
5-15 below. Thus, 

jk = 
cos% + sin% ∙ tan% − a = cos acos% − a 
and therefore, 

blm!kC = k ∙
&'( 
&'(6+
∙ 
 
(5.9) 
(5.10) 
(5.12) 
(5.13) 
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Figure 5-15. The distance moved by the shear force, dus along the shear plane and the 
associated distance moved by shear force S. dxc along the tool-chip interface for a tool 
advance of dx. The dotted line (i) shows the width of the shear zone, dy associated with the 
tool advance of dx [11]. 
 
Figure 5-16. Illustrates fibre pull-out during crack growth potentially for fibres greater than 
0° in orientation [139]. 
Introducing work done for fibre breakage dUfb mentioned by [139],  
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Where Vf = Fibre Volume Fraction 
d  = Fibre Diameter 
σf  = Fibre Strength (MPa) 
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σm = Matrix Strength (MPa)  
Work done by given Eqn. (5.3) above is known for short fibres crack through. It is applicable 
for 45°, 90° and 135° (θ > 0°) fibre orientation. Figure 5-16 shows fibre bridging of crack 
specifically for 90° fibre orientation. For 0° fibre orientation (refer Figure 5-4), fibre tends to 
separate or delaminate causing bridging instead of breaking due to uncertain strength value of 
the matrix used. Therefore it is more accurate to evaluate the fracture energy including fibre 
breakage. In fact, it is crucial to evaluate the energy dissipated through fibre breakage but it 
takes the energy from the fibre and matrix. Observation on fibre breakage (Figure 5-5 and 
Figure 5-6) is noticeable during the experimental work. Further in-depth investigation will be 
focused on fracture due to fibre breakage in future work due to a current constraint on obtaining 
the matrix properties.  
Surface energy defines the work needed to remove the surface material dUsurf forming new 
surfaces with fibre debonding. In-depth, the behaviour of a stressed composite containing a 
growing crack, transverse to the fibre alignment, depends upon the degree of bonding or stress 
transfer at the fibre-matrix interface. A very strong bonded composite would allow the crack 
to propagate with very little expenditure of energy and the whole composite would fail in a 
brittle manner. A degree of toughness can be achieved by some debonding at the interface 
ahead of the crack tip thus reflecting the crack. This may not cause immediate failure of fibres 
which may leave bridging the crack tip. The interface will debond for some distance depending 
on the interfacial shear stress, on either side of the crack, leaving the debonded fibres to carry 
extra strain energy. Under these conditions, fibre which have flaws and randomly distributed 
may fail at some distance from the crack and be pulled out from the matrix and absorbing extra 
frictional energy, provided there are residual frictional shear stresses. When fibre breaks, the 
strain energy released at the broken ends redistributed between the matrix and fibre, which can 
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give further energy absorbing process. With that, the formation of new surface energy by fibre 
debonding will contribute to the total fracture energy. Surface energy mentioned by Kelly 
[138], where the surface energy γs ≈ Eαo/10 seems not applicable on CFRP as properties of the 
matrix could not be included. Besides, chip fracture energy dUchip is the energy that should be 
taken into account as it happens to be one of the components of energy dissipation. Therefore, 
the energy balance is computed as Eqn. (5.15) below, 
8 ∙ 
 = h8
 + g8 − h8 sin a + C cos ai
(,- 6
&'(6+
∙ 
 + k ∙
&'( 
&'(6+
∙ 
 
Therefore, the total energy balance relevant for this particular study is,  
                                                	8 ∙ 
 = Eqn. (5.4)                                                            (5.16) 
5.4.5.1 Method 1: Fracture Toughness Using Chip Thickness (hc) 
Method 1, again is known as Merchant’s force minimisation criterion to measure energy 
balance by determining the shear angle. This method is crucial as it is used as a main equation 
for evaluating fracture toughness throughout this study. This method requires the measurement 
of forces for a cutting width b, in both cutting direction, Fc/b and the transverse direction Ft/b. 
Cutting width of laminates for fibre orientation at 0°, 90°, 45° and 135° are 2.76 mm, 2.83 mm, 
2.88 mm and 2.88 mm respectively. Orthogonal cutting in this study is also performed by 
varying the tool relief angle 4° and 17°. Shear angle is determined from measurement of the 
chip and cut thicknesses, hc and h, respectively.  
From Eqn. (5.9), we have 
                                                      tan% = 	 &'()*) +	(,-                                                     (5.17) 
                                      
.* − .0 tan% =	 12 3tan% + 5-67 + 8                          (5.18) 
 (5.15) 
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Hence, Eqn. (5.18) is plot as Figure 5-17 (refer Appendix A) below as σy and Gc is determined 
from the linear plot of (Fc/b – Ft/b tan φ) versus (h/2)(tan φ + 1/ tan φ), where tan φ is computed 
from Eqn. (5.17).  As a result, based on the experimental work, thrust force (Ft) generated is 
extremely high negative value, which is unlikely to be obtained. This leads to unrealistic value 
on achieving fracture energy as in Figure 5-17 below. This approach is successfully established 
for polymer composite which owns different material and mechanical properties compared to 
carbon fibre which possesses high strength and stiffness and lack in elasticity depends on the 
fibre orientation.  
For tool relief angle at 17°, it shows impressive results compare to 4° relief angle, although it 
is not a favourable result. Work of fracture for carbon fibre is 10 Jm-2. Fracture energy obtained 
for CFRP laminate in Chapter 4 under Mode I test is 1.03 kJm-2. However, fracture toughness 
obtained from fibre orientation at 45° proves reliable results compare to other fibre orientations. 
In this fibre direction, fibre cutting mechanism is in the opposite direction from the cutter, fibre 
breakage, fibre fracture and crack propagation initiation begins at a different point and possess 
slightly different mechanism than other fibre orientation. As a conclusion, Figure 5-17 compile 
results by using method 1 for the determination of fracture energy.  
 
5. Orthogonal Cutting and Fracture Energy for Different Fibre Orientation 
123 
 
Figure 5-17. Method 1: Fc/b-Ft/btanφ versus h/2(tanφ+1/tanφ) using chip thickness in 
comparison of fibre orientations and relief angle to determine σy from the gradient and GC 
from the y-intercept. 
5.4.5.2 Method 2: Fracture Toughness Using Coefficient of Friction (COF) 
Hidden friction energy was found to be critical for evaluating fracture toughness especially 
involving carbon fibre as it possesses high strength and stiffness. For method 2, recall from 
Chapter 4 on measuring fracture toughness using coefficient of friction from Eqn. (4.10) which 
involves friction test to obtain the coefficient of friction, µ. A similar procedure for obtaining 
the fracture energy is used for this study. The only difference in this investigation is the 
influence of tool relief angle on affecting fracture energy is implemented. Surprisingly, all Gc 
obtained is a positive value and realistic compared to the results obtained using method 1. 
Reason due to the element of friction is included in this method of measurement. Even though 
the friction energy is not included, however, the coefficient of friction is a minor factor that 
gives an impact on determining fracture energy. With this, it is proven friction is influencing a 
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generation of high thrust force. Major friction happens at the clearance face of the tool and 
laminates which is the factor affecting the generation of Ft. Eqn 5.19 below is used to plot Fc/b 
versus hcotφ to evaluate the Gc and σy. φ is the shear angle. However, yield stress σy obtained 
is smaller than single bending stress from an earlier experiment.  
                                                          
.*

= 	 IJK. cot % + 	8                                         (5.19) 
From Figure 5-18 to Figure 5-21 shows the plot using method 2 in comparison with fibre 
orientations and tool relief angle. By using method 2, major concern is concentrated on cutting 
force (Fc) instead of focusing on thrust force (Ft). The magnitude of specific cutting force (Fc/b) 
for 0° fibre orientation demonstrated the smallest reading followed by 135°, 45° and 90°. 
Specific cutting force based on Figure 5-18 is consistent for 0° fibre orientation for both relief 
angle. It means, no significant influence on relief angle for this fibre direction.  Similar results 
portray in Figure 5-21 for 135° fibre orientation where consistency is found. However, there is 
an increment on specific cutting force with an increase of relief angle. Understandable reason 
where the fibres are cut easily by the cutting direction, and fibre fracture is not a resistance to 
the process. While comparing fibre direction which opposing the cutting direction, fibres are 
giving resistance to the cutter thus the higher cutting force is needed to initiate the fibre 
cracking, which explaining fibre breakage energy is one of the components contributes to the 
total fracture energy. Opposite behaviour is monitored when cutting fibre at 90° fibre 
orientation. Fibres are the main resistance to the cutting direction as the cutting is in a 
perpendicular direction to the fibres. Fibres, especially carbon fibre, possess high stiffness. 
Therefore higher cutting force is needed to break through the fibres. Shown in Figure 5-19, a 
specific cutting force for 90° is much higher compared to other fibre direction. Interestingly, it 
shows that at greater relief angle, specific cutting force is also higher. This can be rationalised 
by the cutting angle that strikes through the fibres. When the relief angle is smaller, the forces 
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needed to cut through the fibres are effortless while when the relief angle is larger, greater force 
is needed to break through the fibres. Additionally, with a larger depth of cut, these forces 
increase proportionally.   
To conclude, the influence of relief angle is not consistently showing significant results. 
However, fibre direction gives a significant difference on cutting force where the cutter’s 
sliding process is smoother along with fibre cutting direction.    
 
Figure 5-18. Method 2: Fc/b versus hcotφ using the coefficient of friction at 0° fibre 
orientation in comparison of the relief angle to determine σy from the gradient and GC from 
the y-intercept. 
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Figure 5-19: Method 2: Fc/b versus hcotφ using the coefficient of friction at 90° fibre 
orientation in comparison of the relief angle to determine σy from the gradient and GC from 
the y-intercept. 
 
Figure 5-20: Method 2: Fc/b versus hcotφ using the coefficient of friction at 45° fibre 
orientation in comparison of the relief angle to determine σy from the gradient and GC from 
the y-intercept. 
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Figure 5-21: Method 2: Fc/b versus hcotφ using the coefficient of friction at 135° fibre 
orientation in comparison of the relief angle to determine σy from the gradient and GC from 
the y-intercept. 
5.4.5.3 Introducing Method 3 using Known Yield Stress,σy from Method 1 
Introducing method 3 is the idea of substituting the yield stress from method 1 into the fracture 
energy evaluation. This is because the entire equation is derived from method 1. With known 
σy is used from previous fracture energy plot using chip thickness method. σy obtained from 
method 1 is substituted into Eqn. (5.20) to determine cot φ [11]. With that, Eqn. (5.21) is 
computed and plot to evaluate the fracture toughness. At this point, the value of the gradient 
given by σy is not taken into main consideration. Based on Figure 5-23, surprisingly fibres 
direction at 135° using cutting tool with 17° relief angle, is not possible to be measured and 
plot due to an undefined value obtained from the energy balance equation. Therefore, it shows 
the influence of fibre orientation concerning tool relief angle on evaluating fracture energy. 
Besides, with this method, fruitful results shown for fibres at 0° orientation. Gc obtained for 4° 
relief angle is 0.63 kJm-2 (Figure 5-22) and 1.23 kJm-2 for 17° relief angle (Figure 5-23). In 
which fracture toughness obtained from Mode I testing is 1.03 kJm-2. Gc provided for fibres 
with 90° orientation also reliable with 1.34 kJm-2.  
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From here, it is noticeable that various contributions to the fracture toughness shows that in 
CFRP the effect of increasing the load-bearing ability or the stiffness of the matrix and the 
work done against friction in pulling broken fibres out of the matrix contributes total work of 
fracture. In comparison with method 1 and 2, it shows that method 3 slightly practical provided 
in conjunction with method 1. However, the drawback as it is not applicable to all fibre 
orientation and the results affected by tool relief angle. 
 
Figure 5-22. Method 3: Fc/b versus hcotφ by using known σy with 4° relief angle at different 
fibre orientation to determine σy from the gradient and GC from the y-intercept.  
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Figure 5-23. Method 3: Fc/b versus hcotφ by using known σy with 17° relief angle at different 
fibre orientation to determine σy from the gradient and GC from the y-intercept. 
5.4.6 Significant Difference in Fracture Energy for Different Fibre 
Configuration 
Throughout three methods of analysing fracture toughness, there is no 100% agreement 
achieved. By theory, by applying the three methods, some agreement should be accomplished 
as it is proven that the theoretical analysis method is applicable for CFRP. Table 5-2 and 5-3, 
tabulates the summarise data of fracture toughness and yield stress obtained from the three 
methods. As a result, based on Table 5-1 and 5-2 below, inconsistent results are achieved. With 
that being said, this entire approach is not a satisfactory method of obtaining fracture toughness 
for CFRP. This can be explained due to material properties of fibres being hugely affecting 
entire composite laminate compared to polymer composite. Polymer composites generally can 
be more elastic as the energy absorbed before the fracture is higher compared to fibres which 
are stiffer in fracture behaviour leading to higher forces and energy is needed to initiate a 
fracture. Therefore, it is vital to take into account various energy component that affecting on 
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fracture energy partitioning concerning fibres behaviour. Therefore, this method could be 
improvised for CFRP.   
Interesting findings from [123] where the argument arises by defining shear angle is equivalent 
with fibre orientation (cutting angle). It is claimed that the shear plane exists along the fibre 
direction. Li et al. [123] also proposed a new approached based on [11] where energy 
conservation analysis is carried out by considering energy consumption for creating a new 
machined surface. 
Table 5-1. Summarize of fracture energy Gc evaluated by Method 1, 2 and 3.  
Gc 
[kJ/m2] 
Method  
1 
 
Method 
2 
 
Method 
3 
 
Relief 
Angle [°] 
4 17 4 17 4 17 
0 50.4 
(±5.7) 
49.5 
(±1.9) 
4.2 
(±0.2) 
5.6 
(±0.1) 
0.6 
(±0.4) 
1.3 
(±0.2) 
90 128.9 
(±6.2) 
85.3 
(±12.3) 
10.9 
(±0.9) 
8.8 
(±3.6) 
1.3 
(±2.1) 
-7.3 
(±0.3) 
45 19.0 
(±33.2) 
7.2 
(±10.6) 
8.5 
(±5.1) 
2.6 
(±1.4) 
-10.4 
(±8.7) 
-8.7 
(±7.8) 
135 379.0 
(±128.2) 
107.3 
(±1.0) 
1.7 
(±5.5) 
14.5 
(±0.3) 
-1.5 
(±7.9) 
- 
Table 5-2. Summarize of yield stress σy produce by Method 1, 2 and 3. 
σy 
[MPa] 
Method 
1 
 Method 
2 
 Method 
3 
 
Relief 
Angle [°] 
4 17 4 17 4 17 
0 -2.0 
(±84.0) 
204.7 
(±13.7) 
153.5 
(±9.9) 
184.2 
(±9.1) 
86.3 
(±5.3) 
57.3 
(±2.2) 
90 -237.4 
(±238.1) 
960.1 
(±65.9) 
388.2 
(±88.6) 
813.8 
(±28.1) 
246.4 
(±37.1) 
276.9 
(±8.3) 
45 191.8 
(±323.3) 
530.4 
(±108.0) 
452.6 
(±132.5) 
579.1 
(±208.7) 
403.6 
(±118.2) 
320.0 
(±182.9) 
135 -2342.7 
(±717.1) 
398.7 
(±70.0) 
212.8 
(±104.8) 
258.1 
(±26.4) 
140.1 
(±83.3) 
- 
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5.5 Summary 
This chapter attempts to prove the energy balance model used is applicable on CFRP. It seems 
like it is partially a trial and error method. However, it can confirm that for certain fibre 
orientation, the method developed is applicable. Typically, due to carbon fibre heterogeneity, 
during cutting, de-slipped happen, eventually trigger cutting force (Fc) to fluctuate. It can be 
seen that there is still some hidden energy release that is crucial to take into consideration 
similar to Chapter 4, which related to material properties of carbon fibre. This is due to carbon 
fibre is high strength and stiffness material, and abrasive while in contact with metal (cutter) 
which leads to uncut fibres causing bouncing back. Hence, energy is release in the function of 
friction, fibre breakage, high bending energy, new surface energy and chip fracture energy. 
Nevertheless, it seems rubbing/friction forces are negligible for a sharp tool. The total fracture 
energy will be more accurate at this point by adding fracture energy of fibre breakage as Eqn. 
(5.14). 

bc = nc ∙ 
 ∙
Ic

4Ip

 
In which, more work needs to be done to define the parameter thoroughly. Besides fracture 
energy induced by fibre breakage, fracture energy induced by energy dissipation by surface 
energy, dUsurf and chip fracture, dUchip should be evaluated to achieve better accuracy in 
determining fracture energy from orthogonal cutting. 
On the other note, with the difference of relief angle, the slight difference is observed and only 
certain orientation that gives the remarkable result. Relief angle is proven that it gives the 
influence on bouncing back phenomena. Visible results obtained when cutting fibre orientation 
at 45°, where changes in relief angle affecting on the height of the bouncing back. This is due 
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to the space between the fibres and the tools which causing friction, and surface energy lead to 
higher thrust force generated. Again, the mystery of extremely high thrust force generated 
while cutting carbon fibre remains partially unsolved as there are still few factors have to be 
taken into consideration to measure the fracture energy by orthogonal cutting. With that, there 
is no affirmation to prove this method used for analysing fracture toughness and energy 
portioning for polymer composite is applicable for CFRP.  
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Understanding the cutting mechanisms developed in Chapter 4 and 5 are critical to enhance 
drilling quality of carbon fibres reinforced polymer (CFRP) towards further exploring other 
phenomena related to the machining of composites, such as chip formation, dynamics 
machining, heat generation, machining-induced damage or tool wear/tool life. Tool wear is one 
of the major concerns in the aerospace industry, provided that a better understanding will allow 
optimising tool life models and tool replacement management, thus reducing the manufacturing 
cost.  
The most evident damage that can be generated during the drilling is delamination [113]. This 
kind of damage is classified as peel-up delamination at the entrance and push-down 
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delamination at the exit. Other relevant types of damage are microcracks, fibre-matrix 
debonding, and matrix cratering. Damage of the material around the hole is generated during 
drilling and, as reported by [140], 60% of aircraft part rejection is due to poor hole quality. All 
investigations on drilling parameters seem to affect the microcracks on the composite laminates 
that are found in the inner rim of the hole. The preheating temperature of the drill bit due to 
thermo-mechanical interactions of the tool-workpiece system in reducing push-down 
delamination during drilling is relatively high; even the delamination is reduced, the thermal 
damage can compromise the mechanical behaviour of the composite material. Besides, having 
backing plate support is extremely efficient in reducing the push-down delamination.  
Tool wear and tool life are the main focus of analysis in this chapter of study. Although similar 
work was presented in chapter 3, however, in depth of the tool wear and tool life are 
investigated. The objective is to drill up to 1500 holes by using brand new dagger drill (GT50) 
and drill reamer (GT15) to observe failure and damage on the drill bit and laminates. This is to 
prove that the performance and quality of the drill bit before failure. The industry claims that 
this two drill bit gives an excellent drilled hole surface quality [141]. Investigation on hole 
quality on composite is eventually contributing to tool wear and tool life which are examined 
using digital microscope and SEM before and after drilling. As a result, comparison with the 
industrial achievement is made to reduce the tool wear, improve the tool life and drilled hole 
quality.   
6.1 Methodology 
6.1.1 Workpiece and Tools 
CFRP composite laminates used for this study are the same as employed in Chapter 3, which  
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is provided, supplied and used by the aerospace industry. Figure 6-1 below shows the 
orientation of the composite laminates after polished in an epoxy under Leica digital 
microscope. Again, the tools used in this study mainly focusing on dagger drill and reamer as 
shown in Figure 6-2. 
                                                     
Figure 6-1. Microstructure of fibre orientation for CFRP composite laminate under Leica 
digital microscope with polished surface. 
   
Figure 6-2. Geometry of drill bits tip used for this chapter, dagger drill GT50 (left) and 
reamer drill GT15 (right) using stereo microscope under 100 µm.   
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6.1.1.1 Definition of Sharpness and Bluntness of the Drill Bit 
The conventional definition of sharpness is geometrical and refers to a cross-section through 
the cutting edge. Wear of the tool is defined as loss of material from or near the cutting edge 
which leads to bluntness or dulling. Sharpness is of particular importance when the cutting 
edge is always in contact with the newly separated material ahead of the tool. During the 
transient indentation to start a cut, tool sharpness will concentrate the stresses and strains in the 
tip region as the load is increased, leading to the build-up of localised materials damage. The 
microscopic analysis of failure and bluntness of drill bit are observed using SEM NeoScope 
Tabletop in this chapter.  
6.1.1.2 Tool Geometry and Tool Material for Drilling 
It has been known that carbide coated tool performed excellently in machining. With that, solid 
carbide drill bits are used. It is challenging to observe wear or damage from the tools as it is 
extremely high in strength. Type of drill bit and the influence of the geometry gives a massive 
impact on the entire drilling process and the hole wall surface quality. Influence of drill bit 
point angle and tool wear are focused since these factors significantly affect cutting forced and 
hole quality. However, discussion on point angle is not comparable as it is due to different type 
of drill bit own different geometry.   
6.1.1.3 Conventional Twist Drill – In Comparison 
Twist drill is the most stable and widely used in the drilling and machining industry due to its 
stable geometry and multi-usage purposes. A drill bit with high longevity and good quality 
production is the main focus to achieve in particular operation. Walton [140] reported that to 
reduce the generated damage, it is necessary to use a twist drill with a positive primary rake 
angle to limit heat generation, and with a short chisel edge, to reduce the thrust force and 
therefore the delamination. Due to the high abrasiveness of the fibres, it was claimed that 
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undesired increase of cutting force consequent increase in push-down delamination [58, 142]. 
In this chapter, dagger drill and drill reamer are used as the main focus as it is recommended 
and highly used drill bit on drilling CFRP laminates in an aerospace application. Comparison 
is made between the quality achieved by dagger drill and reamer drill. With that, twist drill 
remains the reference drill bit.  
6.2.1 Drilling Operation 
Only two drill bits are used, the dagger drill and drill reamer, (refer Chapter 3), with a constant 
spindle speed of 2000 rpm and constant feed rate of 50 mm/min. In this experiment, number 
of drilled hole to achieve is 1500 upon failure. All operation details are exactly similar in 
Chapter 3, however, in this chapter, the primary focus is on tool wear and tool life. Figure 6-3 
and 6-4 below show the machining setup for the drilling process.  
As mentioned in Chapter 3, thrust force and torque are measured using KISTLER 9257B 
dynamometer and a charged amplifier type 5070A with Kistler DynoWare data acquisition and 
evaluation software. Partial support of backing plate is utilised for the entire operation. 
Thermocamera was attached to measure the heat difference during the drilling process. Acetone 
is used to clean the drill bit after several numbers of drilling to remove excessive debris 
clogging between the flutes especially for reamer drill bit. Full diameter of drilled hole after 
drilling and other defects induced during machining were analysed. Leica digital microscope 
is used to observe and analyse images taken from the drilled hole. Drilling induced damage is 
quantified as the delamination factor (Fd) being the ratio between the maximum diameter of 
delaminated area and the nominal diameter of the hole using ImageJ software.  
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Figure 6-3. Drilling setup for the drilling operation.  
 
Figure 6-4. Detailed on drilling fixture can refer to chapter 3. 
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6.2 Results and Discussion 
6.2.1 Significant Influence on Thrust Force and Torque 
Blunted tool tip required larger forces to initiate drilling, the effect of friction will also increase, 
which leads to higher thrust force and torque and results in delamination. The worn-out drill 
bit is one of the major reasons for the drastic increase of thrust force. Bluntness and clearance 
face rubbing increases cutting forces overall, irrespective of the mode of chip formation. Tool 
wear firmly causing an increment in thrust force (around 50%). The contact area between the 
tool and laminates increases as tool wear increases, hence the thrust force increases as tool wear 
increased. However, the torque is decreases at a certain number of drilled hole due to the tool 
wear.   
On the other hand, it is proven in the Figure 6-5 below that coating material affecting the 
production of thrust force during drilling. Figure 6-5 shows slightly lower in thrust force 
without the coating material for drilling at 550 – 850 holes using dagger drill. It is a small gap 
to compare the thrust force generated with and without coating material. This is due to the 
metallic component in the coating material causes higher friction with the drill bit material 
which leads to higher thrust force. Without the existence of the coating materials, it can be seen 
that the production of thrust force is steadier. Compare to Figure 6-6, thrust force is consistently 
increasing with number of drilled hole. Torque, on the other hand experienced fluctuation for 
both drill bits in Figure 6-7. The torque produced by drill reamer is, slightly smaller than dagger 
drill. This could be explained as the stability of the drill bit geometry is in rotational motion. 
Towards reaching 1500 of drilled hole, the torque generated by dagger drill increased 
drastically higher compared to reamer drill as the tool wear causing the drill bit loses stability 
relatively to the geometry. 
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Figure 6-5. Thrust force versus number of drilled hole for comparison between original 
laminate and laminate without coating material using dagger drill with constant drilling 
speed of 2000 rpm and 50 mm/min feed rate. 
 
Figure 6-6. Thrust force versus number of drilled hole for dagger and reamer drill at 
constant drilling speed of 2000 rpm and 50 mm/min of feed rate. 
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Figure 6-7. Torque versus number of drilled hole for dagger and reamer drill at constant 
drilling speed of 2000 rpm and 50 mm/min of feed rate. 
6.2.2 Tool Wear Mechanisms Reflecting Tool Life and Micrograph 
Analysis 
There are two different types of wear modes: flank wear, which commonly identified in the 
literature as the dominant wear mode, and cutting edge honing resulting from the transition 
from new acute to used cutting edge. Abrasion due to the presence of hard fibres was the 
dominant wear mechanism. As the cutting edge of the drill tool became worn, the cutting action 
is more on extrusion and rubbing than cutting, which leads to excessive heat generation due to 
high friction and brute force applied by the worn drill tool. This causes melting of the matrix 
material, which smeared and filled the rougher surfaces of the hole. Thus, surface roughness 
alone cannot be used as a tool to characterise hole quality when drilling CFRP composite 
materials.  
Dynamic stresses are generated on the tungsten carbide hard grains due to the impacts from the 
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inside the carbide grains, which eventually causes the grains to fall away partly or entirely by 
brittle fracture [143]. These particles contribute to the abrasion wear of the tools as they slide 
over the rake and clearance faces. Due to the relatively low hardness of carbon fibre relatively 
to tungsten carbide grains, the tungsten carbide grains cannot be abraded by the carbon fibres 
pulled out of the matrix. Cutting forces and temperature control the mechanism and the kinetics 
of the wear process, which in turn alters the tool geometry, deteriorates the cutting capability 
of the tool and thus ultimately dictates the hole quality of the laminate. The key material 
removal mechanism changes from cutting to ploughing and abrasion due to the development 
of tool wear. Based on the experiment, especially for reamer drill, flute clogging occurs when 
drilling in conditions of high humidity or low ambient temperature. Chipping on the drill bit is 
not evident even after 1500 holes have been drilled. This is due to the strength and toughness 
of a solid carbide. Polished flank surface and the absence of crater wear indicates that the active 
wear mechanism is based mainly on the high abrasively of the CFRP composite. 
Generally, the progression of wear can be divided into three distinct regions: i) wear region 
(primary), ii) steady region (secondary), iii) severe wear region (tertiary). It is tricky to observe 
in this study as drilling up to 1500 holes is not sufficient enough to cause any catastrophic 
damage on tungsten carbide drill bit. On the other hand, surface oxidation can significantly 
reduce the hardness and abrasive wear resistance of tungsten carbide. Figure 6-8 and 6-9 show 
the wear comparison of new dagger drill, after 250, 500 and 1500 drilled holes. The red arrows 
illustrate points of changes in geometry, which indicates wear of the tool. While the yellow 
dotted lines indicates the deformation in dimension either in size, length or diameter of the 
wear. Critically, Figure 6-9 shown an increment of 58% of the wear size with an increment of 
38% in thrust force (Fz). Additionally, a brand new dagger drill tip radius is 1.5 µm and the 
size increase up to 60% after drilling. This shows more than half of the tool life is dropped. 
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Figure 6-10 and 6-11 demonstrates wear comparison of reamer drill. Between drilling 250 up 
to 500 holes, the increment of wear size up to 75% with an increment of 52% of the thrust 
force. This also proves the size of the bluntness increased up to 164 %. Figure 6-12 confirmed 
that the tool is worn out as the original length of the side cutting edge is decreased by 100 µm. 
 
  
 
  
Figure 6-8. Comparison of wear on the new drill bit (left) and after 1500 drilled hole (right) 
using SEM NeoScope Tabletop. (a) Side view of dagger drill at 200 µm; (b) front view of 
dagger drill at 100 µm. Small images show diameter of tool tip. 
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Figure 6-9. Wear on the side view of dagger drill after 250 (left) and 500 (right) hole drilled 
with constant drilling speed 2000 RPM and feed rate 50 mm/min using Leica Digital 
Microscope at 100 µm. 
   
Figure 6-10. Wear on drill reamer after 250 (left) and 500 (right) hole drilled with constant 
drilling speed of 2000 RPM and feed rate 50 mm/min using Leica Digital Microscope           
at 200 µm. 
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Figure 6-11. Wear on reamer drill after 250 (left) and 500 (right) hole drilled on the other 
cutting edge with constant drilling speed of 2000 RPM and feed rate 50 mm/min using Leica 
Digital Microscope at 100 µm. 
 
   
Figure 6-12(a). Front view of reamer drill; comparison of wear on the new drill bit (left) and 
1500 hole drilled (right) wear with constant drilling speed 2000 RPM and feed rate 50 
mm/min using SEM NeoScope Tabletop at 1 mm magnification. 
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Figure 6-12 (b). Comparison of wear on the new drill bit (left) and 1500 hole drilled (right) 
wear with constant drilling speed 2000 RPM and feed rate 50 mm/min using SEM NeoScope 
Tabletop at 200 µm. (a) Front view of reamer drill; (b) Zoom in on side view of reamer drill. 
6.2.3 Tool Wear Affecting Drilled Hole Quality 
The quality of the hole produced when drilling CFRP composites can be influenced by many 
factors such as speed, feed rate, and tool geometry. These influence the hole quality by 
controlling the resulting drilling forces and heat generation during the drilling process. Hole 
quality was evaluated regarding hole diameter, delamination factor at the entrance and exit of 
the hole and other qualitative defects related to surface damage. The quality of the hole 
produced when drilling CFRP composite materials is significantly influenced by the condition 
of the drill tool. Increased thrust force magnitude and excessive heat generation is a 
consequence of the drill tool getting worn and dull. When the cutting edge of the drill tool gets 
worn out and tired, various defects such as matrix smearing, delamination, and circularity of 
the hole due to the geometrical variation of the fibres will occur during the drilling process. 
The drilling process in CFRP is entirely based on fracture, as opposed to the shearing 
phenomenon in metal due to the presence of the fibres that impair uniform plastic deformation 
[63]. In short, due to the brittleness of the thermoset matrix, chips tend to fracture at earlier 
stages in the form of powder-like chips. Figure 6-13 to 6-17 below illustrate the top and bottom 
b 
 367 µm 
 267 µm 
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surface of the drilled hole starting from drilled hole number 50 up to 1500 for dagger and 
reamer drill respectively. It can be observed that the bottom surface, fracture and damage 
occurred mainly from the coating material up to woven glass fibre and then followed by carbon 
fibre. As the number of drilled hole increase, severe damage can be spotted. Starting from 
drilled hole number 250, damage begins to be visible and propagate along the roundness of the 
hole. A peel-up phenomenon from the laminate is seen starting from the coating material 
followed by the fibres which portrayed by the red coloured wave line illusion (Figure 6-13 and 
Figure 6-14). Changes in the circularity of the drilled hole can be justified by the temperature 
increase, which softens the matrix and leads to fracture around the vicinity of the drilled hole. 
The figure below portrayed tremendous changes of the circularity of the drilled hole surface 
for dagger drill (Figure 6-13 to Figure 6-15) and reamer drill (Figure 6-16 and Figure 6-17)  at 
a particular number of the holes. 
  
Figure 6-13: Top (left) and bottom (right) surface after 50 holes drilled using dagger drill. 
Bottom Top 50 
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Figure 6-14: Top (left) and bottom (right) surface after 300 and 500 holes drilled using 
dagger drill. 
  
Figure 6-15: Top (left) and bottom (right) surface after 1500 holes drilled using dagger drill. 
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Figure 6-16. Top (left) and bottom (right) surface after 50, 150 and 250 holes drilled using 
reamer drill. 
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Figure 6-17. Top (left) and bottom (right) surface after 1000 and 1500 holes drilled using 
reamer drill. 
Fuzzing (Figure 6-14) and spalling (Figure 6-17) occurred at both holes enter and exit points, 
especially when increasing number of drilled hole. Spalling damage develops along the fibre 
direction, and its dimension is typically bigger than the accompanying damage which is 
fuzzing. The spalling is developed in two phases, the chisel edge action phase and the cutting 
edge action phase. The first phase begins when the thrust force of the chisel edge onto the exit 
surface reaches a critical value and ends when the chisel edge just penetrates the laminate. By 
examining the microscope images of the exit surfaces, it was found that the chisel edge has a 
strong effect on the formation of the spalling. A small bulge emerges first in the vicinity of the 
drilling axis and then develops along the fibre direction of the exit surface. When the bulge 
grows to a certain degree, the surface layer splits open, the chisel edge penetrates and the 
second phase, cutting edge action phase, begins. The spalling damage initiated in the first phase 
1000 
1500 
Spalling 
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develops further due to the continuous pushing and twisting of the cutting edge. The chisel 
edge cuts the workpiece material with a specific rake angle and generates over 50% of the 
thrust force. Thus, the chisel edge plays the most critical part. The experiment shows that at 
the moment the chisel edge penetrates, the spalling already grows to a dimension of the greater 
part of its final size. It is evident that this wear mechanism is promoted by the machining-
induced matrix damage, namely matrix burnout, fibre pull-out and fibre fracture.  
6.2.3.1 Delamination Factor 
The diameter of the drilled hole is measured after drilling test using ImageJ software. The 
delamination factor, Fd as mentioned as roundness factor in Chapter 3 is calculated as the ratio 
between maximum diameter of delaminated area (top surface) and the nominal diameter of the 
drill (dagger - 4.85 mm, reamer - 4.87 mm) as shown in Figure 6-18. The drilled holes are 
examined with Leica digital microscope to measure the delaminated area. Delamination at the 
hole entrance (peel-up) and exit (push-down) are shown in the next section.  
The delamination factor at the hole entry increased with wear, indicating the increment in flank 
(rake) wear. In which the highest delaminated areas due to the extension of delamination is 
increased, the worn geometry produces more fraying of the fibres. Fraying was observed 
critically at hole exit for dagger and reamer drill bit where excessive rubbing between tool-
laminate (bottom layers) occurred. Surface defects such as spalling, chipping and fuzzing are 
observed in the figure above in section 6.2.3. Moreover, this scenario can be related to the 
increment of the thrust force with wear progression. Also, machining with backing plate 
support during drilling will eventually reduce the potential of delamination or damage of the 
bottom surface of the laminates. Figure 6-19 shows the relation between delamination factor 
and number of drilled holes for dagger drill and drill reamer. The neutral line indicated 
delamination diameter equal to the nominal diameter which is 1. Points below the neutral line 
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indicated delamination is smaller than the nominal diameter. It is proven from the previous 
studies [40, 49, 59], by using a drill bit with 90° point angle, delamination can be reduced 
compared to larger point angle. At a meantime, it shows that at the first 500 holes, there is an 
increment in the delamination factor with the increase of the thrust force about 33% for reamer 
drill and 28% for dagger drill. While upon reaching 1000 holes, the increment of the 
delamination factor was not that drastic, thrust force increase approximately 10 % for both drill 
bit. This is due to matrix softening as the workpiece is subjected to higher thrust force at the 
first 500 holes. Then, increment of thrust force is slower leading to smoother penetration to 
occur during the next 500 holes. However, delamination increased abruptly for the last 500 
holes especially for reamer drill due to tool wear while at this point, thrust force remains 
consistently increased by roughly 10 %. Eqn. 6.1 is used for evaluating delamination factor 
where Dmax is the maximum diameter of the drilled whole and Do is the nominal hole diameter.   
                                       	q =	                                                 (6.1) 
 
 
 
Figure 6-18. Delamination factor evaluation using delamination diameter of hole drilled. 
Dmax D0 
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Figure 6-19. Delamination factor versus number of holes plot for dagger and reamer drill 
with percentage of thrust force increment with respective drill bits.  
6.2.3.2 Fibre Peel-Up and Push-Down Scenario 
Shyha et al. [47] claimed that feed rate and prepreg had the most significant effect on first hole 
entry while prepreg type, feed rate and interaction between prepreg and feed rate were the main 
contributing factors for the corresponding exit. Figure 6-20 shows the schematic diagram for 
measuring fibre peel-up and push-down. Figure 6-21 to 6-24 below show the cross-section of 
the drilled hole under microscopic analysis. To view the peel-up and push-down of the fibres, 
four corners of the cross-section are taken for dagger and reamer at hole number 50 and 1500. 
Smooth and neat cutting of the fibres can be observed especially at hole number 50, where 
typically at 1500 hole drilled, major fracture of fibres occur regardless of the drill bit. 
Delamination of few layers of fibres due to the peel-up and push-down leads to matrix cracking. 
It has been observed that starting from the forth layers of fibre, visible peel-up and push-down 
occurs where fibres in 0° orientation behave as a barrier to deformation. Quantification of this 
phenomena is measured from the top first and bottom last carbon fibre layer as shown in Figure 
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6-20. The difference of the peel-up and push-down after drilling a specific number of holes is 
tabulated in Table 6-1 below. Peel-up and push-down increase proportionally with increase in 
number of drilled holes. Figure 6-22 shows push-down phenomena for dagger drill at drilled 
hole 1500 leading to extreme delamination between plies. This failure creates a hidden internal 
crack propagation which weakens the entire laminate structure. From the forth layer from the 
bottom of the laminates, it seems the delamination is double the length or the thickness of four 
layers of carbon fibre. Apparently, fibre tends to be pushed-down and peeled-up from the last 
four layers. Unexpectedly, there is slightly discrepancy between left and right of fibres peel-up 
and push-down. This is due to the too geometry at the cutting edge and rotational motion of the 
drill bit. Tool wear specifically bluntness of the tools causing fibres/laminates are not entirely 
cut/remove. Therefore no clean cut, leads to uneven hole circularity. On top of that, Figure 6-
22, clearly noticeable that the cross-section of the hole cutting edge using dagger drill is not as 
even as reamer drill (Figure 6-24) at 1500 hole. This can be concluded that reamer drill 
produces smoother surface quality of drilled hole wall.  
 
 
 
 
Figure 6-20. Schematic diagram on measuring peel-up and push-down from the top and 
bottom surface of the first top and bottom layer. 
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Figure 6-21. Drilled hole cross section for dagger drill at drilled hole number 50 using Leica 
Digital Microscope at 200 µm magnification. 
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Figure 6-22. Drilled hole cross section for dagger drill at drilled hole number 1500 using 
Leica Digital Microscope at 200 µm magnification. 
Table 6-1. Length of increment on fibre peel-up and push-down from the first layer of 
laminate for dagger and reamer drill at number of drilled hole at 50, 500, 1000 and 1500. 
Tool Type Dagger Reamer 
Delamination Peel- Up (µm) Push-Down (µm) Peel-Up (µm) Push-Down (µm) 
Number of 
Holes 
Top Left  Top 
Right  
Bottom 
Left  
Bottom 
Right  
Top Left  Top 
Right  
Bottom 
Left  
Bottom 
Right  
50 91 73 55 55 36 36 18 36 
500 98 164 127 182 145 55 73 55 
1000 164 153 236 309 109 182 382 109 
1500 218 218 509 273 218 164 255 291 
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 Figure 6-23. Drilled hole cross section for reamer drill at drilled hole number 50 using 
Leica Digital Microscope at 200 µm magnification. 
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Figure 6-24. Drilled hole cross section for reamer drill at drilled hole number 1500 using 
Leica Digital Microscope at 200 µm magnification. 
6.2.4 Surface Roughness for Smooth Drilling Indication  
Surface roughness increases with increasing number of the hole drilled. As number of drilled 
hole increases, tools experiencing more wear. Having said that, the surface roughness 
proportionally increases with the increase of number of drilled hole causing serious tool wear. 
Figure 6-25 below shows how the profilometry is used to scan surface delamination and also 
surface roughness of the drilled hole wall by scanning the drilled hole cross-section. Figure 6-
13 (with red curves) shows surface delamination at drilled hole number 50 and 500 particularly, 
where coating material and woven glass fibres were pulled up at the edge of the hole circularity. 
Surface roughness is then measured using equation Ra below which has been used in Chapter 
3. 
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                                             (6.2) 
where h is the thickness of the laminate, z is the height of the surface measured above the mean 
level. Table 6-2 tabulates the surface roughness is consistent for reamer drill compare to dagger 
drill. Although it is portrayed that surface roughness is smoother by dagger drill, however, 
there is a lack of consistency in the surface quality. The main factor affecting this scenario can 
be the geometry of the drill bit. The geometry of drill reamer apparently will give consistent 
grip and steady machining, compare to dagger drill geometry even though it could give better 
surface roughness. Recall from [108], Ra lower than 0.4 µm is defined as superfinishing. 
Majority of the Ra results obtained, proved dagger drill and reamer drill able to produce super 
fine finishing of the drilled surface. As a conclusion, when drilling up to 1500 holes, dagger 
drill produced roughest Ra of 0.6 µm compare to reamer drill where generally, roughness is still 
considered fine machining below 1.0 µm.       
 
Figure 6-25. Profilometer to measure surface roughness on hole wall and delamination  
for top, bottom surface and drilled hole wall.  
Scan Length 
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Table 6-2. Surface roughness Ra for dagger drill and drill reamer from drilled hole number 
50 up to 1500. 
Number of 
Drilled Hole 
Surface Roughness, Ra 
[µm] 
Drill Bit Dagger Reamer 
50 0.29 0.17 
250 0.22 0.36 
500 0.40 0.50 
750 0.49 0.39 
1000 0.27 0.43 
1250 0.25 0.57 
1500 0.64 0.49 
 
6.2.5 Assessment of Tool Life on Drilling CFRP 
6.2.5.1 Temperature Affecting Damage on Hole Quality  
The laminate with a layer of coating material, consists of metallic elements enhance the 
generation of increment of temperature during the drilling process. Also, it is found that in 
Figure 6-26 the temperature increase due to the friction between solid carbide tool and coating 
metallic materials generate undesired heat. Based on Atkins [10], temperatures of a few 
hundred degrees Celsius can be produced in metal (coating) at modest cutting speed. It is 
proven by [114] the presence of coating material has a significant effect on the induced of 
laminates temperature on the surface texture of the hole produced. Higher cutting speed may 
cross phase boundaries in metals (tools) lead to laminates mechanical properties will alter due 
to temperature, possibly making cutting more difficult.  
As flank wear is considered almost critical, the temperature will noticeably increase. The 
temperature rises on the tool cutting edge during the drilling of CFRP almost reaching a 
threshold level of 300°C that causes a reduction of the fibre-matrix interfacial shear strength 
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and ultimately the matrix burnout and acceleration of the fibre pull-out which portrays in Figure 
6-26. Furthermore, Peréz [113] agreed that the number of consecutive holes drilled is the 
combination of opposite contributions of two subfactors: i) machining temperatures and ii) tool 
wear. Machining temperatures over Tg of the matrix produce a decrease of the elastic modulus 
of the composite. Portrayed in Figure 6-26 where there is a clear fluctuation in the temperature 
concerning number of the hole drilled. Therefore, thrust force produced is by the increasing of 
tool wear, which increases tool-laminate contact surface temperature. 
 
Figure 6-26. Final peak temperature versus number of drilled hole for dagger drill            
and drill reamer. 
6.2.6 Insight of the Industry Perspective 
Manufacturing industries are constantly focusing on lower cost solutions with reducing lead 
time and better surface quality to maintain their competitiveness and efficiency [112]. 
Generally, industrial standard drilling parameter is high drilling speed [141]. Hard abrasion 
(chipping) and soft abrasion (wear) fracture will occur on the tools. Tool wear and part 
(composite laminates) quality are central to the definition of the objective function and 
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constraints. The appearance of chipping is because carbide is relatively brittle and unable to 
sustain these high stresses thus failure may occur at such a high drilling speed [17, 115, 143-
145]. High drilling speed causes extremely high contact pressure and leads to the tool-part 
system to behave a heavily headed system, resulting in high wear rate. Critically, a fracture 
regarding chipping and abrasion were the main mechanisms observed in high speed drilling 
which in use by the industry as shown in Figure 6-27 (dagger) and Figure 6-28 (reamer) below 
in purple arrow.  
  
Figure 6-27. Tool wear and fracture by dagger drill taken from Sprit Aerosystem Malaysia. 
   
Figure 6-28. Tool wear and fracture by drill reamer taken from Spirit Aerosystem Malaysia. 
Wear/ Polished 
Surface 
Wear/ Polished 
Surface 
Metal Chipping 
Metal Chipping 
6. Study on Tool Wear and Tool Life for Drilling CFRP and Hole Quality Quantification 
163 
6.3 Summary 
This chapter concentrates on the two main selected drill bits used for drilling CFRP. Tool wear 
and tool life of the drill bits were determined. With that, large numbers of holes are drilled to 
determine the tool wear and tool life. Thrust force and torque are both significantly increased 
with increasing of number of drilled hole. This is due to the bluntness and wear of the drill bit 
lead to higher force is generated to penetrate the composite laminate.  Noticeable damage and 
failure of CFRP laminates occurred after drilling 50 holes. At up to 1500 drilled holes, 
significant fibre damage occurs as can be seen many uncut fibres due to tool bluntness. Hole 
defects are concentrated on their edges to a distance ranges 0.2-1.4 mm from the hole edge. 
The tool material composition and properties are crucial to the behaviour of machining forces, 
which in turn affect tool life, surface roughness and hole quality. Occasionally, blunt or worn 
tool can drill efficiently despite their bluntness. Obviously, by drilling up to 1500 holes, slight 
percentage of tool wear is noticeable. Normally, a new tool can drill up to 3000-5000 holes 
before it is consider blunt. However, some critical damage features are noticeable with 
thorough observation under microscopic analysis. Tool wear mainly experienced bluntness at 
the tool tip and polished surface at the cutting edge as most friction contact occured. The quality 
of the machining is reduced proportionally with the tool life as the tool wear is increased.  
As a result, increasing number of drilled holes, all factors are affected with negative quality. 
However, it is believed that both drill bits are possible to drill more than 1500 holes before 
total failure, as the industry will drill up to 5000 holes. It can be concluded that tool life is 
dropped by almost 50% from the wear measurement for both drill bit after drilling 1500 holes.  
 
 164 
Finite Element Analysis on Supporting 
Drilling Mechanism for CFRP 
 
 
To increase drilling efficiency of composite laminates with the least damage and better hole 
quality, it is essential to understand the drilling mechanism on CFRP. In this chapter, finite 
element analysis (FEA) is used to provide an insight to the underlying mechanism of drilling 
CFRP. An accurate and reliable finite element simulation on drilling enables good prediction 
of stress and strain distribution, cutting forces and torque, and discrete damage modes in 
composites by taking into account the complex drill geometry and process parameters. With 
the advent of high power computing facilities, a set of failure criteria of fibre composites is 
applied to articulate the build-up forces and damage evolution in the drilling process.   
During conventional drilling composite laminates, delamination often occurs both at the 
entrance and hole exit. Therefore, minimising the drilling-induced delamination on composite 
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laminates has attracted extensive interests. The experimental investigations are unable to 
provide an insight into the drilling damage evolution on composites during drilling. Therefore, 
FE modelling is used to unveil the damage evolution in composite laminates during drilling. 
Recently, dagger drill bit is increasingly used in aerospace industry to machine holes in 
composite laminates. However, limited numerical works addressing the damage evolution 
using a dagger drill. Thus, this final chapter is to discover how close the prediction of drilling 
mechanism and damage evolution using FE can compare to experimental investigation.  
7.1 Methodology  
FEA is used to explore numerically of the failure mechanisms and damage evolution in CFRP 
composite laminates particularly using dagger drill bit. Due to the complex geometry of reamer 
drill, only dagger drill is used for this simulation. First, FE model is presented, addressing intra-
laminar damage and inter-laminar delamination of unidirectional (UD) and woven-fabric 
composite laminates. FE model is used initially to validate and understand the damage criterion 
on 26 layers of UD CFRP at different orientation using dagger drill from drilling tests in 
Chapter 3 and 6. However, due to some computational difficulties and constraint occurred, the 
number of plies are reduced to a quarter, six layers for UD and four layers for woven CFRP. 
Thus, the model is primarily used to investigate the effects of drilling mechanism on the 
damage evolution and influence on the surface quality of hole wall. 
A defined material model has been incorporated in general purpose FE solver 
ABAQUS/Explicit to accurately capture the drilling mechanism using specific geometry which 
is dagger drill. The FE model comprised of a dagger drill bit where a carbide dagger drill with 
point angle of 90° and 5 mm diameter is modelled as a discrete rigid body to reduce the 
computational efforts required to discretize the complex drill geometry. Estimated design of 
the geometry is used as original geometry was not fully provided by the industry.  
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The FE model comprised of a dagger drill bit and a 6-ply of UD CFRP followed by 4-ply of woven 
fabric composite to similarize the orientation used in the experiment in Chapter 3 and 6. Slightly 
different mechanical properties are expected as amount of ply and orientation used has been 
altered. The idea of simulating woven-fabric in this investigation is to identify how close the 
prediction of force generated with the experimental work due to 26 layers of UD CFRP was used 
in the experiment. Vertical and rotation movement conditions were applied on the dagger drill bit 
to simulate the motion of drill bit during drilling. The drilling speed was set as 5 m/s and 1000,000 
rpm, respectively. Full-constraints were applied on the edges to simulate the fixed condition while 
the bottom surfaces were fixed except a round area with a diameter of 6 mm to simulate the 
backing plate. The dagger drill was simplified as a rigid body due to its high modulus and strength 
in comparison to the laminates. The 6-ply UD CFRP with fibre orientation of [±45/902/0/90] were 
modelled with laminate thickness of 0.75 mm. Followed by woven-fabric CFRP composite with 
a quasi-isotropic lay-up [45/-45, 0/90, 90/0, -45/45] as four plies with orthogonal material 
properties with a thickness of 0.22 mm which is 18 times smaller than the original thickness of 
laminates used and 52 mm x 52 mm in dimension. The laminates were modelled as orthotropic 
elastic materials with progressive degradation owing to the fibre-matrix fracture and plasticity 
under shear loading. Inter-laminar delamination between plies in composites was modelled using 
a cohesive zone method, and the behaviour of interface degradation and failure were described by 
a traction-separation law. The fracture mechanisms involved a damage initiation criterion 
followed by a damage evolution law. The intra-laminar failure model for UD, woven-fabric and 
inter-laminar delamination model of the composite were described in section 7.1.1.1, 7.1.1.2 and 
7.1.1.3 below. Before FEA, mesh sensitivity was performed to determine the appropriate mesh 
size with good accuracy and less computation. Mesh density increases until a convergent result in 
peak thrust force were reached. After the mesh sensitivity analysis, the FE mesh was obtained as 
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shown in Figure 7-1 for UD CFRP composite laminate as well as Figure 7-2 and 7-3 for woven-
fabric composite.  
The model accurately characterises the dynamic characteristic of the drilling process 
accounting for the complex contact interaction between a drill bit and CFRP laminate surface. 
The feeding rate and spindle rotations were applied at a reference point using velocity boundary 
conditions to account for dynamic characteristics of the drilling process. A reference point at 
the drill tip was constrained in X and Y directions while axial velocity corresponding to the 
imposed feed rate was applied in the Z direction. The laminate is fixed at all four vertical faces. 
A stress-based failure criteria were incorporated in the user-defined material model for CFRP 
composite, to facilitate element deletion of mesh elements which have undergone severe 
deformation. Using FEA, material removal can be revealed relatively by tool-fibre contact and 
fibre-fracture locations.  
 
 
Figure 7-1. Finite element mesh of the 6-ply unidirectional composite laminate. 
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Figure 7-2. Finite element meshing of drilling woven-fabric composite. 
 
Figure 7-3. Finite element mesh of the 4- ply woven-fabric composite laminate. 
7.1.1 FEM Discretization 
7.1.1.1 Intra-laminar Damage Model for Unidirectional CFRP 
The ply-by-ply method is used to model the progressive failure in UD CFRP. Failure 
behaviours are described by Hashin criteria addressing four different modes of failure for UD 
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composite: i) fibre rupture in tension, ii) fibre bucking and kinking in compression, iii) matrix 
cracking under transverse tension and shearing, and iv) matrix crushing under transverse 
compression and shearing are used for this model. Each initiation criterion is associated with 
Eqn. (7.1 – 7.4) and a value of F is 1.0 or higher indicates that the initiation criterion has been 
met [146, 147].   
Fibre tension (Ir ≥ 0), 
cC = uIrvw x
 + a uỹ@{ x

 
Where vwand @{ denote the longitudinal tensile in fibre direction and longitudinal shear 
strength, Iree(i= 1,2) and ỹ are the effective normal stress tensors and shear stress tensor 
respectively, and α is a coefficient that determines the contribution of the shear stress to the 
fibre tensile initiation criterion. 
Fibre compression (Ir ≤ 0), 
c8 = uIrvA x

 
where vA  denote the longitudinal compressive strength. 
Matrix tension (Ir ≥ 0), 
pC = uIr}w x
 + uỹ@{ x

 
where  }w denote the transverse tensile strength. 
Matrix compression (Ir ≤ 0), 
(7.1) 
(7.3) 
(7.2) 
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pA = uIr2@wx
 +  }A2@w
 − 1 Ir}A + uỹ@{ x

 
where }Aand @w denote the transverse compressive strength and transverse shear strength 
respectively.  
With damage initiation being accepted, damage evolution model is specified to predict damage 
development in the UD laminate. The material is presumed linearly elastic as it is UD, with the 
stiffness matrix of a plane stress orthotropic material prior to damage initiation. Hence, the 
response of the material is computed as constitutive elastic stress-strain relation, which is 
defined in a local Cartesian coordinate system with basic vectors aligned with the fibre 
directions 1 and 2, are expressed as, 
               
[ ] [ ]DRε σ=        (7.5) 
where [ɛ] and [σ] is the elastic strain vector and stress vector, respectively. RD denotes 
compliance matrix and is written as follows, 
                           
12
1 1 1
21
2 2 2
12 12
1 0(1 )
1 0(1 )
10 0
2(1 )
D
v
d E E
vR
E d E
d G
 
−
 
− 
 
−
=  
− 
 
 
−  
                             (7.6) 
where E1 and E2 are elastic moduli in the corresponding fibre directions. G12 is the in-plane 
shear moduli and v12 and v21 are Poisson’s ratios. These materials properties are listed in Table 
7-1. 
 
(7.4) 
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Table 7-1. Mechanical properties of the UD composite laminate [148]. 
UD 
Composite 
Laminate 
Elastic modulus [GPa] E1 = 153, E2=E3=10.3 
Shear modulus [MPa] G12=6000   
Poisson’s ratio v12=0.3  
Tensile strength [MPa] XT= 2537  YT = 82   
Compressive strength [MPa] XC= 1580  YC =236  
Shear strength [MPa] S12= 90  
Intra-laminar fracture energies 
[KJ/m2] Aw= 91.6  AA= 79.9  Aw= 0.22  AA =1.1 
Inter-laminar strength [MPa] tn0=62.3   ts0= tt0=92.3 
Inter-laminar fracture 
toughness [KJ/m2] GIC=0.28   GIIC= GIIIC=0.79  
 
However, damage variables evolve such that the stress-displacement behaves in four failure 
modes. Based on Figure 7-4 below, the positive slope corresponds to linear elastic material 
behaviour prior to damage initiation; the negative slope is achieved after damage initiation by 
evolution of the respective damage variables according to equations below. 
Fibre tension (Ir ≥ 0), 
_NcC = A<〈〉 + a  
INcC = 〈I〉〈〉 + ay_NcC/A  
Fibre compression (Ir ≤ 0), 
_Nc8 = A〈−〉 
INc8 = 〈−I〉〈−〉_Nc8/A  
 
 
(7.7 b) 
(7.8 a) 
(7.8 b) 
(7.7 a) 
7. Finite Element Analysis on Supporting Drilling Mechanism for CFRP 
172 
Matrix tension (Ir ≥ 0), 
_NpC = A<〈〉 +   
INpC = 〈I〉〈〉 + y_NpC/A  
Matrix compression (Ir ≤ 0), 
_Np8 = A<〈−〉 +   
INp8 = 〈−I〉〈−〉 + y_Np8/A  
The characteristic length, A  is based on the element geometry and formulation after damage 
initiation (i.e., _N ≥ _N ). 
 
 
 
 
 
   Figure 7-4. Equivalent stress versus equivalent displacement [148]. 
7.1.1.2 Intra-laminar Damage Model for Woven-Fabric CFRP 
Intra-laminar damage initiation refers to the onset of degradation at a material point. Several 
damage initiation criteria were proposed to describe the damage behaviour of composite 
IN  
_Nc  _N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(7.9 a) 
(7.9 b) 
(7.10 a) 
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laminates, such as Hashin’s failure criterion [146, 147], Tsai-Wu failure criterion [149] and 
Puck’s failure criterion [150]. However, these failure criteria could not accurately predict the 
damage in woven fabrics [151]. Hence, we adopted a fabric failure model [152] to estimate the 
damage in woven composite laminates. The laminates were modelled as orthotropic elastic 
materials with progressive degradation owing to the fibre-matrix fracture and plasticity under 
shear loading.  
The response of the material is computed as Eqn. (7.5 and 7.6). d1 and d2 are damage variables 
related to fibre fracture along the fibre directions 1 and 2, respectively. d12 is damage variable 
indicating matrix micro-cracking by shear loading. Due to the presence of tensile (noted by 
subscript + or superscript +) and compressive (noted by subscript – or superscript -) fibre failure 
modes, the damage variables d1 and d2 are defined as, 
            
11 11 22 22
1 1 2 2 2
11 11 22 22
;id d d d d d
σ σ σ σ
σ σ σ σ+ − + −
< > < − > < > < − >
= + = +
          (7.11) 
where σ11 and σ22 are normal stress in the fibre directions 1 and 2. For the response in fibres, 
the effective stresses iσ%  (i=1 and 2) are given by, 
                                     i+ i-;(1 ) (1 )
ii ii
i id d
σ σ
σ σ
+ −
< > < >
= =
− −
% %
         (7.12) 
The damage initiates when either of the following functions is equal to one, 
 
+ -
+ -
+ -
;i ii i
i iX X
σ σϕ ϕ= =% %
     (7.13) 
where Xi (i=1 and 2) are a tensile/compressive strength for uniaxial loading is listed in Table 
7-2.  
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Table 7-2. Mechanical properties of the woven composite laminate [153-158]. 
Composite 
Laminate 
Elastic modulus [GPa] E1=E2=55.8  
Shear modulus [MPa] G12=3650  
Poisson’s ratio v12=0.06 [159, 160] 
Tensile/compressive strength 
[MPa] X1+=X2+=630   X1-=X2-=550  
Shear strength [MPa] S12=100  [161] 
Intra-laminar fracture energies 
[KJ/m2] 
Gf1+= Gf2+=45.8   Gf1-= Gf2-=39.95 [153] based on 
[162] 
Inter-laminar strength [MPa] tn0=62.3    ts0= tt0=92.3 [160] 
Inter-laminar fracture 
toughness [KJ/m2] GIC=0.519    GIIC=GIIIC=2.416  [160] 
Once the damage initiation criterion is reached, the damage in materials evolves following the 
Eqn. (7.14) and (7.15), 
0
0
211 exp[ ( 1)]
i
c
i ii i
i f c
g Ld r
r G g L
+
+ ++ +
+
= − − −
−
                    (7.14) 
and 
0
0
211 exp[ ( 1)]
i
c
i ii i
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g Ld r
r G g L
−
− −
− −
−
= − − −
−
                    (7.15) 
where ri (i=1 and 2) are damage thresholds. g0 is the elastic energy density. Gfi (i=1 and 2) are 
the fracture energy per unit area under uniaxial tensile/compressive loading and the values are 
listed in Table 7-2. 
The shear damage in woven fabric plies is dominated by the non-linear behaviour of the matrix, 
which includes elastic-plastic response and micro-cracking induced stiffness degradation of the 
matrix [136]. The effective elastic shear strain is defined as, 
12
12
12(1 )d
σ
σ =
−
%
      (7.16) 
where σ12 is shear stress. The plastic deformation happens when the following function is met, 
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12 0 ( ) 0plF σ σ ε= − ≥% %      (7.17) 
where 0σ%  is effective shear yield stress. plε are a plastic strain. The strain hardening function 
in matrix is given by, 
0 0( ) ( )pl pl py Cσ ε σ ε= +% %     (7.18) 
where 0yσ%  is initial effective shear yield stress. C is strength coefficient. p is strain hardening 
coefficient. When the Eq. 7.19 reaches to one, the damage starts to initiate. 
12
12 S
σϕ = %
      (7.19) 
where S is shear strength listed in Table 7-1. It is assumed that the shear damage variables 
increases with the logarithm of damage threshold r12 until a peak value d12max is found. 
Therefore, the damage evolution can be described by, 
max
12 12 12 12min( ln( ), )d r dα=     (7.20) 
where α12 is a parameter of shear damage. The values of α12 and d12max were selected from a 
similar materials system [151].  
7.1.1.3 Inter-laminar Delamination Model 
In this work, inter-laminar delamination between plies follows a traction-separation law 
applicable to both UD and woven-fabric composites. Inter-laminar delamination initiates once 
the following quadratic stress criterion is met, 
2 2 2
0 0 0 1
n s t
n s t
t t t
t t t
          
+ + =     
          
     (7.21) 
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where ti (i=n,s,t) is the nominal traction stress vector in normal n and shear directions, s and t, 
respectively. ti0 (i=n,s,t) is the corresponding strength in normal n and shear directions, s and t, 
respectively.  
After that, the inter-laminar delamination evolves and cohesive stiffness degrades. In this study, 
a linear softening relation is utilised to model the stiffness degradation from the damage 
initiation to the eventual failure. The full delamination is reached when Benzeggagh-Kenane 
fracture criterion [154] were satisfied,    
                                                       
( )C C C Sn s n C
T
GG G G G
G
η
 
+ − = 
 
                  (7.22) 
where GS=Gs+Gt, GT=Gn+GS, defined as fracture toughness in the normal n and shear direction 
s. GC represents the corresponding fracture toughness. η is the cohesive property parameter, 
which has a value of 1.45 [155]. The materials properties of the composite in this work are 
listed in Table 7-1 for UD and Table 7-2 for woven fabric respectively. 
7.2 Results and Discussion 
7.2.1 FEA Simulation and Validation on Drilling Mechanism 
7.2.1.1 Damage Criterion for Unidirectional CFRP Laminates 
Typically, one of the outstanding problems in analysis of mechanical properties of fibre 
composites is the prediction of failure due to a specific state of stress. In a traditional cutting, 
when fibre orientation is 0°, it can be seen that the fibres are subjected to compression along 
their axes, as the tool progresses into the laminate. This compression, when large enough, 
causing the fibres to crack and peel-off along the fibre-matrix interface. Because of the 
fragments are constrained in the drilling area, the sustained growth of the compressive stresses 
lifts the peeled layer up and buckling occurs. After sufficient bending, the fibres are fractured 
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and chipping takes place ahead of the tool. It can be said there is vibration occur during drilling, 
including horizontally and vertically. The vertical vibration of the drilling tool brings about 
additional tension in fibres, particularly at the tool-material contact surface, this tension 
facilitates the fracture of the buckled fibres and the split of fibres from the matrix. 
Unidirectional composite laminates are typically known as high strength and stiffness 
subjected to impact loading. Therefore, based on FEA results obtained, Figure 7-5 (a) shows 
the predicted thrust force generated from drilling process and labelled as point 1-5 indicating 
the stress evolution which illustrated in Figure 7-6. Figure 7-5 (b) shows the predicted torque 
from FEA. This is realistic result according to the typical material properties of UD CFRP 
laminates. However, to compare with the result obtained from the experimental work, this is 
unsuccessful validation. The fact that 26 layers of UD CFRP laminates are used for the 
experiment able to produce low thrust force during drilling process compared to FE modelling 
only simulate quarter of the number of plies produced 399 N of peak thrust force. Thrust force 
history shows more than ten times of increment from the experimental peak thrust force result.  
  
                  (a)                                                                     (b) 
Figure 7-5. (a) Thrust force and (b) torque curve as a function of drilling depth for UD 
laminate from FEA. 
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Figure 7-6. Stress evolution in 3 dimensional view of UD composites laminate during dagger 
drilling at point 1-5 based on thrust force history. 
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Figure 7-7. Drilling mechanism of 6-ply UD CFRP composite laminate obtained from FEA.  
Figure 7-7 shows the drilling mechanism predicted by the FEA. Based on the experimental 
work, similar observation is obtained. Fibre starting to push down from the bottom layer of the 
laminate which can be seen in the second image. When the drill bit is fully penetrating the 
composite laminate, catastrophic damage is shown where fibres push-down, peel-up and 
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delamination between plies occur. Damage criterion in Figure 7-8 illustrates in-depth of the 
delamination between fibre and matrix induced by drilling. Damage evolution for each ply on 
UD CFRP with respect to tensile fibre damage (XT), compressive fibre damage (XC), tensile 
matrix damage (YT), compressive matrix damage (YC), and shear damage (S12) are predicted as 
shown in Figure 7-11 below. Matrix failure occurs as early as in ply-1 in tensile direction. Up 
to ply-6, total failure occurred. Severe fibre damage is seen in ply-6. This is due to drill bit is 
fully penetrating the laminate at this point with high thrust force causing delamination and 
severe damage. For the matrix is due to matrix softening as a rotational movement may cause 
heat generation. Also, shear damage is shown significantly severe in this UD CFRP.    
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Figure 7-8. Damage evolution for each ply on UD CFRP composite laminate from FEA.  
7.2.1.2 Damage Criterion for Woven-Fabric CFRP Laminates 
This subsection is to understand the damage evolution in the woven-ply composites during 
drilling using dagger drill. Figure 7-9 (a) shows the thrust force history during drilling. It is 
evident that the thrust force predicted by the FE model is in good agreement with the 
experimental results. Same goes to torque-displacement curve in Figure 7-9 (b). Six points (1-
6) are labelled in the thrust force-displacement curve. The composite laminate is sectioned by 
an imaginary cutting plane halfway through the composites, and the rest of the composite is 
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removed for a better visualisation. The stress and damage at point 1 to 6 are shown in Figure 
7-10. At the initial stage, the thrust force increases with an increase in the drilling depth. At 
point 1, high stress and deformation mainly occur in the ply-1, and no damage is found. At 
point 2, high stress and deformation evolve in the ply-2, and the damage initiates in the ply-1. 
Then, the thrust force reaches a plateau at point 3. Correspondingly, high stresses arise in all 
the plies except ply-1. In the ply-1, fully-penetration is found with a drop in the stress and 
deformation recovery. With increasing the drilling depth, ply-2 was then penetrated at point 4, 
following the stress release and deformation recovery. After that, the thrust force gradually 
drops to a constant value. At point 5, all the plies have been penetrated, corresponding to the 
lowest thrust force. Then, the thrust force fluctuates, implying the hole expansion. At point 6, 
the stress is insignificant.  
  
                                       (a)                                                                    (b) 
Figure 7-9. (a) Thrust force and (b) torque curve as a function of drilling depth for woven-
fabric laminate from FEA. 
 
 
 
0
20
40
60
80
100
0 1 2 3
Pe
ak
 T
hr
u
st
 
Fo
rc
e 
[N
]
Drilling Depth [mm]
1
2
3
6
4
5
0
10
20
30
40
50
60
70
0 1 2 3
Pe
ak
 T
o
rq
ue
 
[N
m
m
]
Drilling Depth [mm]
7. Finite Element Analysis on Supporting Drilling Mechanism for CFRP 
183 
    
  
 
  
 
Figure 7-10. Stress evolution in 3-dimensional view of woven-fabric composites laminate 
during dagger drilling at point 1-6 based on thrust force history. 
The inter-laminar delamination of the hole after drilling is examined as shown in Figure 7-11. 
It is seen that the shape of delamination is similar to the experimental observation in previous 
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chapter (Chapter 3 and 6). The delamination occurs around the hole, and the hole has an 
indented shape. To have a view of the inter-laminar damage evaluation, the damage variables 
in tension (d1+, d2+), compression (d1-, d2-) and shear (d12) in each ply of the composite at the 
highest thrust force are shown in Figure 7-12. The damage variables indicate the damage level. 
When damage variables in tension, compression or shear reaching one, the elements are 
regarded as the fully damaged elements and are removed from the model. When the damage 
variables equal to zero (indicating by blue colour in Figure 7-12), there is no damage happen. 
It is seen that the damage in the top/front ply is higher than the back ply. Additionally, it is 
found that the damage often initiates and evolves along the fibre directions. It is apparent that 
tensile damage variables along the fibre directions are higher, which tends to lead to the tension 
damage. This phenomenon can be seen on UD ply in previous section. Regarding the shear 
damage in each ply, the damage values are comparatively insignificant, implying that the shear 
damage has a less contribution on the overall damage during drilling using dagger drill bit. 
Unfortunately, prediction model on delamination for 6-ply UD CFRP is unable to fully obtain 
as woven-fabric due to complexity on rotational element. This is due to laminate thickness in 
which same issue occurred when simulating 26 layers of UD CFRP. However, based on 
experimental results, similar observation is noticed for 26 layers of UD CFRP.  
 
 
Figure 7-11. Delamination for woven-fabric CFRP predicted by FE model. 
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Figure 7-12. Damage variables in each ply for woven-fabric composite laminate. 
7.3 Summary 
In this chapter, FEA of drilling in CFRP composite using dagger drill has been developed. The 
FE model is used to validate and verify experimental results of thrust force and torque as well 
as to predict damage evolution on the laminate. Fruitless outcomes were obtained when 26 
7. Finite Element Analysis on Supporting Drilling Mechanism for CFRP 
186 
layers of CFRP (based on experimental laminate) is simulated due to complication and 
computational limitation. Therefore, the number of plies is reduced in order to predict the 
drilling mechanisms and damage evolution. With that, quarter number of plies are used from 
the original number of plies to minimise the complexity when running the simulation. 
Unfortunately, by obtaining approximately 400 N of thrust force is unacceptable for UD 
composite laminate. Therefore, to be able to achieve targeted outcomes, woven-fabric CFRP 
laminates is added to the analysis and as a result, predicted outcomes were obtained in 
comparison with the experimental work. With that, prediction on the thrust force and torque 
history as well as damage criterion are successful. This is due to the arrangement of the fibre 
orientation which led to achievable prediction in comparison with machinability of the drilling 
process. Thus, by using woven-fabric, prediction on each ply will not be as accurate as damage 
occurred in the experimental work. As the damage in each woven-fabric is in 2 directions of 
fibres, where else in UD, even the laminate consists of 26 layers of different orientation of UD, 
yet the damage of fibre remains in 1 direction as shown in damage evolution for 6-ply UD 
CFRP. As a conclusion, FEA can at least gives the idea and input on the prediction of the 
drilling mechanism, damage evolution and confirm the failure criteria observed in the 
experimental investigation.     
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8.1 Conclusions 
A comprehensive study on machining including drilling and cutting were carried out in this 
study to analyse effects of processing parameters on drilling performance, assess the quality 
and integrity of holes, and establish a comprehensive understanding on tool wear and tool life.  
Conclusion and key contributions from this work can be drawn as below. 
• The usage of solid tungsten carbide dagger and reamer drill for drilling proves to 
produce the good machining quality for industrial application. Based on comparison 
between selected carbide drill bits, e.g. dagger, reamer and twist, a significant 
difference is observed in drilling performance and quality, in which reamer drill 
generates smaller thrust force and torque with precise surface roughness and a fine 
machining finish.  
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• Excessive damage, such as delamination associated with peel-up or push-down, from 
drilling is normally attributed to a high thrust force during drilling. With selected 
drilling parameters, it is found a higher spindle speed with a low feeding rate gives 
better responses, such as lower thrust force and torque, finer chip formation, and smaller 
delamination factor, indicating a smoother drilling process and a better drilling surface 
quality. Also, improvement in drilling quality is proven by using the partially supported 
backing plate. It is found that twist drill produced lowest quality, which is least suitable 
to drill/machine high strength and stiffness brittle materials such as CFRP. Also, it is 
found that the twist drill bit can lead to undesirable heat generation when subjected to 
a high spindle speed. By addressing all of the above, it can come to a conclusion that 
reamer drill gives better performance and quality, followed by dagger drill and twist 
drill.      
• Drilling is a multipoint/multiline cutting process. A method based on orthogonal cutting 
is adopted to define the fracture energy of unidirectional CFRP laminates in different 
directions with respect to the fibre orientation. It can be concluded that the cutting 
mechanisms are strongly dependent on the fibre orientations, and directly implementing 
the orthogonal cutting method for measuring fracture energy of polymers is found not 
reliable. In the CFRP laminate, carbon fibres play a key role as it carries the biggest 
contribution to strength and stiffness of the material system. In general, a much higher 
vertical cutting force is observed during cutting the CFRP laminates in comparison to 
cutting unreinforced polymers. In addition, cutting at different surfaces/direction 
exposes that fibre behaviours vary towards the cutting operation when chip formation 
mechanisms contribute a major influence to the energy dissipation. 
• Chip formation during cutting unidirectional carbon fibre composites in different 
directions can be categorised as continuous curl-up in the transverse direction, bending 
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and breaking in the longitudinal directions, subjected to the selected cutting speed. 
Different mechanisms in chip/debris formation are observed when cutting 45°, 90° and 
135° with respect to the fibre orientations, when the sharp tool tip needs to cut across 
fibres. Chip formation is segmented and continuous curl up for 135° and segmented in 
block for 90°. Fibre experienced deformation, bridging followed by debonding for 45°. 
Therefore, it is crucial to include fibre breakage energy, new surface energy associated 
with segmented and particle chips, to complete the energy balance model for 
determination of fracture energy determined by orthogonal cutting. 
• Two relief angles of the orthogonal cutting tool were adopted to examine the effect of 
relief angle on bouncing back of new surface after cutting, which also contributes to 
the high vertical cutting force. It is observed that a change in relief angle does affect 
generation of forces during cutting. After the relief angle is increased, the tool tip 
generates a high pressure when in contact with the fibres in the laminate; therefore, a 
higher vertical cutting force is generated with smaller amount of bouncing back of uncut 
fibres is observed. A small relief angle shows more bouncing back of uncut fibres 
especially for cutting at the fibre direction of 45° as the tool tip intends to bend and 
glide on the fibres.  
• Tool wear significantly affects the drilling quality of holes in CFRP laminates. After 
drilling up to 100 holes, noticeable damage is observed in the CFRP laminates. In 
particular, the surface coating on the laminates for airframes has metal particle for 
purposes of galvanic corrosion and lightning strike protection. As a result, a significant 
increase in thrust force happens because of tool tip blunting as the number of drilled 
hole increases, reducing the efficiency of cutting, inducing more damage such as 
delamination, and leading to increment in temperature during drilling because of more 
friction between the tool tip and the laminates. 
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• There is no catastrophic failure in dagger drill bit and reamer drill bit after drilling up 
to 1500 holes. However, a major impact is spotted on the hole quality. The 
microstructural analysis is conducted to quantifying the peel-up and push-down, which 
are mainly associated with localised delamination around the hole in composite 
laminates. The peel-up is 16% for dagger drill but 13% for reamer drill, respectively; 
while for the push-down, both are 19% for the 1500th hole. 
• On another hand, tool wear reduces the longevity of a tool life. A very small percentage 
of tool wear is observed for the repeated drilling process with a high spindle speed using 
dagger and reamer drill after drilling 250 holes. With the increased number of repeated 
drilling up to 1500 holes, there is no disastrous damage on drill tip, but bluntness at the 
tool tip and grinding on the cutting edges are noticeable. Despite the bluntness and the 
wear at this point, it is believed that dagger drill and reamer drill can efficiently drill as 
much as 3000-5000 holes before experiencing catastrophic damage such as metal 
chipping.       
• In simulation of dynamic drilling processes using FEA, the effect of fibre orientations 
in CFRP composite laminates with multiple layers is investigated using the failure 
criteria to define drilling mechanisms of dagger drill. A result of high thrust force as 
high as 400 N is obtained for unidirectional CFRP. However, an acceptable result is 
obtained for woven-fabric CFRP when it is verified against the experimental responses. 
Successful prediction and validation on damage progression are demonstrated from the 
simulation, which contributes in-depth understanding on of the material failure and 
removal mechanisms.      
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8.2 Recommendation for Future Work 
Recommendation and suggestions to improve current work for future studies are drawn as 
follows. 
• It is recommended to first drill a pilot hole to establish the hole position. Followed by 
a larger diameter drill tool to bring the hole to the final dimension. With that, good 
quality on the drilled hole is achievable. Also, by using elliptic vibration-assisted 
drilling technique, instability of drill bit rotational movement can be monitored, high 
thrust force generation can be reduced, thus, improvement on drilled hole surface 
integrity can be achieved.  
• High temperatures can pyrolyse the epoxy matrix and damage fibres-matrix. It is not 
advisable to adjust drilling speeds to prevent heat build-up as it is a standard procedure 
in drilling composite especially CFRP. It is suggested to further extend the study on the 
influence of high temperature increased as high as 180°C during drilling. Cutting fluids 
can be used to cool down tool and workpiece. Gas cooling or micro-lubrication may 
prevent chemical damage and improve drilling and machining quality.   
• The effort on using a traditional C-Scan technology was carried out during this study 
to examine the delamination, subsurface damage and inter-ply damages. It is suggested 
to use the latest CT-scan technology (e.g. microCT) to improve the surface damage 
characterisation. In-depth of ply damage is detectable. Details on the internal damage 
of the fibres are able to be identified ply-by-ply. Eventually, surface quality can be 
improved. 
• Improvement in FEA can be done by implementing a Coulomb friction model for 
further validating on frictional effects during the drilling process on composite 
materials. It is deemed appropriate as a thorough investigation on the modelling will be 
8. Conclusions and Future Work 
192 
appreciated by addressing frictional effects between tool and work piece leading to heat 
generation on drilling/machining mechanisms.  
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APPENDIX A 
Table A-A-1: Cutting force and thrust force data based on Figure 5-11. 
  
Cutting Force, Fc 
[N] 
Trust Force, Ft 
[N] 
Fibre 
Orientation, 
θ [°] 
Depth of 
Cut, 
DOC 
[µm] 
 
Relief Angle [°] 
  
4 17 4 17 
0 10 14.5 17.6 82.9 88.3 
 
50 28.3 38.1 79.0 106.7 
 
100 45.4 54.4 28.0 107.9 
45 10 5.7 10.0 13.8 21.2 
 
50 59.2 46.7 19.1 37.8 
 
100 107.1 122.0 5.2 37.6 
90 10 40.0 35.4 226.2 149.8 
 
50 70.3 111.14 209.3 220.9 
 
100 112.2 194.7 127.4 222.6 
135 10 10.0 43.0 174.7 194.7 
 
50 15.6 75.2 157.5 228.6 
 
100 52.8 93.6 286.1 241.5 
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Table A-A-2: Summarize experimental data based on Figure 5-17. 
Fibre Orientation, θ 
[°] 
0 
 
90 
 
45 
 
145 
 
Relief 
Angle, 
[°] 
Depth of 
Cut (DOC) 
Fc/b-
Ft/btanϕ 
[N/mm] 
h/2 
(tanϕ+1/tanϕ) 
Fc/b-
Ft/btanϕ 
[N/mm] 
h/2 
(tanϕ+1/tanϕ) 
Fc/b-
Ft/btanϕ 
[N/mm] 
h/2 
(tanϕ+1/tanϕ) 
Fc/b-
Ft/btanϕ 
[N/mm] 
h/2 
(tanϕ+1/tanϕ) 
4 10 52.5187 0.0110 122.6881 0.0105 18.6483 0.0054 313.4126 0.0294 
  50 46.4816 0.0512 123.0884 0.0518 13.5034 -0.0338 150.6286 0.0898 
  100 51.8752 0.1023 101.0324 0.1053 40.0612 0.1079 151.8290 0.1032 
17  
         
  10 49.7775 0.0104 82.1389 0.0103 8.7109 0.0049 105.7382 0.0104 
  50 63.3831 0.0514 163.3669 0.0551 44.2968 0.0647 139.0992 0.0528 
  100 68.9011 0.1021 172.3614 0.1033 61.7523 0.1059 142.1195 0.1002 
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Representative Fc/b-Ft/btanφ versus h/2(tanφ+1/tanφ) for cutting fibre at 0° orientation  
with 4° (left) and 17° (right) relief angle at cutting width of 2.76 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
y = -2.0377x + 50.404
R² = 0.0008
30
35
40
45
50
55
60
65
70
0 0.02 0.04 0.06 0.08 0.1 0.12
Fc
/b
-
Ft
/b
ta
n
φ
h/2(tanφ+1/tanφ)
y = 204.7x + 49.498
R² = 0.9123
40
45
50
55
60
65
70
75
0 0.02 0.04 0.06 0.08 0.1 0.12
Fc
/b
-
Ft
/b
ta
n
φ
h/2(tanφ+1/tanφ)
Appendix 
213 
 
Representative Fc/b-Ft/btanφ versus h/2(tanφ+1/tanφ) for cutting fibre at 90° orientation  
with 4° (left) and 17° (right) relief angle at cutting width of 2.83 mm. 
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Representative Fc/b-Ft/btanφ versus h/2(tanφ+1/tanφ) for cutting fibre at 45° orientation 
with 4° (left) and 17° (right) relief angle at cutting width of 2.88 mm. 
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Representative Fc/b-Ft/btanφ versus h/2(tanφ+1/tanφ) for cutting fibre at 135° orientation 
with 4° (left) and 17° (right) relief angle at cutting width of 2.88 mm. 
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APPENDIX B 
 
Representative cross-sectioned for CFRP laminate using Dagger drill (Figure 6-21) for drilled 
hole number 500 using Leica digital microscope. 
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Representative cross-sectioned for CFRP laminate using Dagger drill (Figure 6-21) for drilled 
hole number 1000 using Leica digital microscope. 
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Representative cross-sectioned for CFRP laminate using Reamer drill (Figure 6-23) for 
drilled hole number 500 using Leica digital microscope. 
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Representative cross-sectioned for CFRP laminate using Reamer drill (Figure 6-23) for 
drilled hole number 1000 using Leica digital microscope. 
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